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ABSTRACT 
The role of MgO as a solid solution sintering aid in Al 2o3 
4+ 
was evaluated by codoping with a higher Zr ion and measuring 
effects on densification using hot pressing and on grain boundary 
mobility,~' using grain growth in fully dense systems. In 
4+ . general, additional Zr doping was found to negate the 
beneficial effects of MgO doping. s·ingle additions of MgO 
increased and of Zro2 decreased the densification rate, in 
agreement with previous work. Equimolar codoping gave lower 
densification rates than both the MgO-doped and undoped 
materials. A minimum in the densification rate for single 
Zro2-doping (at 390 ppm) and Zr02-excess codoping (at ~20 ppm) 
was found. The minima in the Zro2 containing·materials favor a 
cation Frankel defect model over a Schottky defect model in 
alumina, although a model involvin~ glass phases is discussed. 
All grain growth data was found to obey a cubic grain growth 
law consistent with solute inhibited grain boundary motion. At 
1630°C in the graphite/nitrogen environment, MgO doping was found 
to reduce~ by a factor of 27x while the Zro2-dbped and equimolar 
codoped compositions reduced~ by within a factor of 2x. Since 
codoping with Zr02 greatly reduced the effect of MgO on~' the 
I!), 
influ~nce of the compensating _defects is considered important in 
explaining the control of grain boundary motion. The lowering of 
' 
' 
, ~ by MgO was determined to be the major function of the additive 
1 
f 
when the increase in pore attachment is considered. 
An atmospheric effect in the graphite/nitrogen environment 
was found in some instances involving undoped, Zro2-doped and 
codoped samples at 1700 and 1800°C. Enrichment of Zr02 in a 
layer near the alumina surface was observed which was accompanied 
by microstructural differences. Since some microstructural 
differences were observed in similar areas in the undoped 
material, an atmospheric effect involving distribution of a glass 
phase is proposed. 
An evaluation of the hot pressing and the grain growth 
techniques was made and recommended experimenfal practices are 
discussed. The limitations of the current hot pressing system is 
discussed along with the resulting effects on the densification 
data. 
2 
-··--:/' 
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I. INTRODUCTION 
In order to obt~in the high quality required in technical 
ceramics today, the choice of starting materials and fabrication 
techniques becomes critically important, for they help to 
determine the final component microstructure and properties. The 
goal is to produce a high density material with controlled 
microstructure in order to optimize mechanical, optical, 
electrical, and/or magnetic properties. Several approaches have 
been chosen to achieve these ends. One such approach is to 
carefully select the starting material, being careful to choose a 
powder of sufficiently high purity, which has a small mean 
particle size, has a narrow particle size distribution and is 
free of agglomerates. Care must also be taken to guard against 
contamination a·nd formation of agglomerates during powder 
handling and subsequent fabrication. Significant improvements in 
microstructure control has been shown to occur using this 
(1) 
approach. 
Other approaches to control component microstructure develop-
ment concentrate on the firing step during fabrication and offer 
alternatives to conventional methods. Hot pressing and hot 
· isostatic pressing are examples, wherein, external pressure is 
applied during a shorter firing cycle. A significant improvement 
,Ji.a 
in properties--particularly higher density, and smaller grain. 
size--can be achieved. The increase in densification is due to 
the increased external pressure and decrease in particle 
·"' 
coarsening is mainly due ·to the shorter firing time. Fast firing 
3 
. 
is another example, wherein, the ceramic piece is heated very 
• 
rapidl·y to a high temperature for a very short period of time. 
For materials whose activation enthalpies are higher for the 
densification processes than for the coarsening processes, the 
result is relatively enhanced densification. <2 , 3, 4) Similarly, 
rate control sintering, a process in which the sintering schedule 
is tailored for a particular material, can optimize the final 
microstructure. (S) 
Another approach is the use of sintering additives to obtain 
the desired results. Although the additive approach could be 
used in conjunction with the previously mentioned techniques, the 
proper additive might produce the desired results without all of 
the starting powder requirements or unconventional firing 
h . ( 6) tee n1ques. . Two cases may be considered separately, depending 
upon whether the additive amount is above or below the parent 
phase solubility limit. 
In the first case, additions above the parent phase 
solubility limit produce a separate phase. The separate phase at 
the firing stage may be a solid such as with large additions of 
Zro2 in alumina. (l) More commonly, however, it will be a liquid 
and a liquid phase at the grain boundaries can cause detrimental 
effects during firing, such as by promotipg abnormal grain 
growt~;(l) and during service applications, such as by increasing 
,, 
creep at high temperatures.(S) In many applications, then, a 
,. 
liquid second phase at the grain boundaries can have deleterious 
. . (5) 
consequences. . It is for· these reasons th·at--considering the 
4 
second case--sintering additives used in amounts below the parent 
phase solubility limits are of great interest. 
MgO is a solid solution sintering additive for alumina known 
to have beneficial effects. (5 , 9) Although the effects of MgO in 
alumina have been studied for many years, the exact role of MgO 
in all of its aspects as a sintering a~ditive has not been 
unequivocally shown. (5 ,lO) Much of this difficulty arises from 
the nature of the sintering process itself where several mecha-
nisms are operating simultaneously. Interdependent mechanisms 
involving densification and coarsening occur during sintering 
which may vary in importance with changes in temperature, 
external pressure and grain size. Further complexities arise 
from the many roles a solid solution additive may have on the 
sintering process. (3) 
Experiments have been designed, however, to minimize the 
complexities to an additive study by choosing conditions that 
enhance the process of interest. For example hot pressing()) 
can be used to enhance densification and grain growth studies in 
fully dense systems( 9) are useful for studying coarsening in the 
absence of densification. The effect of an additive on the 
particular prdcess of interest can, therefore, be isolated. 
Also,· since MgO in alumina is believed in some cases to be of 
value due to its ability to form point defects due to .the lower 
1• 
valence, +2, magnesium ion, (ll) the possibility of negating this 
effect with a higher val~nce ion, such as +4 zirconium, may help 
to identify where this effect is of particular value. 
5 
• 
. ~, , 
• 
The major objective of this study is to exploit the higher 
' 
valence zirconium additive to elucidate the role of MgO as a 
solid solution sintering additive in alumina, to use hot pressing 
to study densification mechanisms and to use grain growth studies 
to observe the effect of Zr02 and MgO on the grain boundary 
mobility. These results will be correlated with microstructural 
observations on samples prepared by conventional isothermal 
~ 
sintering. A critical evaluation of the hot pressing and grain 
growth techniques will also be made. 
6 
r 
,., 
II. BACKGROUND 
A. Sintering of Ceramic Compacts 
1. An Overview 
The driving force for sintering is the free energy 
change associated with the elimination of the free surface area 
or solid-vapor interface of the ceramic powder and formation of 
solid-solid interfaces or grain boundaries in a ceramic body. 
The free energy change takes place, atomically, by material 
transport as a result of chemical potential differences of 
surfaces of different curvature. Consider the particle-particle 
(12) 
contact model for initial stage sintering described by Ashby 
in Figure 1. Ther~ is a curvature difference between the 
particle radius, rand that of the pore radius, P. Matter is 
transported to the surface of the neck giving raise to neck 
growth between the contacting spheres. Six possible matter 
transport pathways are shown in Figure 1 and described in Table 
I. (lZ,lJ) Note that although all pathways lead to neck growth, 
only mechanisms four, five and six lead to removal of matter from 
between the particles and thus lead to densification--compact 
shrinkage. The remaining mechanisms impede densification by. 
simultaneously filling the neck, lowering the driving force for 
.... 
densification. 
All mechanisms are possible and likely to be going on 
at the same time in parallel. Of these pathways those 
transporting matter pt the fastest rate.'will be of greatest 
"' However, in an ionic solid, such as importance in sintering. 
t· 7 
r 
',, 
I 
' -' 
' + 
Grain boundary 
r 
I 
+ 
-Figure 1. Six diffusional paths for the transport of(,2}ter 
during the initial stages of sintering (after Ashby). 
TABLE I 
Alternate Paths for Matter Transport Whit~z)ermit Diffusion-
Control~ed Sintering 
Sink of Leads to Mechanism 
No. 
Transport 
Path 
Source of 
Matter Matter· Densification 
------ ---------
1 
2 
4 
5 
6 
surface diffusion surface neck 
lattice diffusion surface neck 
vapor transport surface neck 
boundary diffusion grain boundary neck 
' 
lattice diffusion grain boundary neck 
lattice diffusion 8 dislocations ~ neck 
no 
no 
no 
yes 
·yes 
ye~ 
. 
alumina, both aluminum and oxygen atoms must be transported to 
maintain stoichiometry; thus, diffusion of two different species 
must be considered. The aluminum and oxygen atoms may be moving 
at different rates along different pathways. Since they must 
arrive at the same time to maintain proper stoichiometry, the 
overall sintering rate will be determined by the slower of the 
two species moving along its fastest path. 
Studies in alumina have shown(l 4 ,lS,l 6) that aluminum 
L 
atoms move faster through the lattice, DAl' than do oxygen atoms, 
L b n0 , and oxygen atoms move faster along the boundary, D0 , than do 
b 
aluminum atoms, DA1 . The controlling species will, however, be 
dependent upon the grain size since atom fluxes are expected to 
. . (17 18 19) be inversely dependent upon the grain size. ' ' The 
expected sequence of the controlling species in alumina is· 
• • • • • 
DL 
0 
' 
increasing grain size 
The transition grain sizes will vary depending upon the 
temperature, ba~kground impurities, and dopant content in 
accordance with how these factors influence the relative 
d "ff . . . (18) i usiv1t1es. 
During the subsequent stages of the sintering process 
other phenomena, which can be influenced-by an additive, must be 
considered. As sintering proceeds from the initial stages, 
particle coarsening can occur by migration of grain boundaries 
9 
~ 
I 
·_q;," 
such that smaller grains are enveloped i.nto the neighboring 
larger ones (see Figure 2). (S) The result is the reduction of 
the overall higher energy grain boundary regions. Densification 
continues, as shown in Figure 2, by continued atomic diffusion of 
matter from the boundary and to the pores. 
In these processes the location of and interaction with 
the pore "phase" is extremely important. The motion of the 
(5,20-23) boundary in coarsening is impeded by the attached pores. 
The diffusion processes involved in the moving pore, attached to 
the boundary are illustrated in Figure 3. (S) Matter must be 
transported from the front of the pore to the back in order for 
the pore to move in the direction of boundary motion. This can 
be accomplished by surface diffusion, lattice diffusion or vapor 
phase transport. For densification to occur in reasonable times, 
~ the pores must remain attached to the boundary. If the pores 
break away from the boundary they could remain in the grain 
interiors and result in a limiting density of the compact for the 
diffusion path length from the boundary to the pores would be 
(24) 
very large. 
.. 
For alumina it also means a switch in process 
control to oxygen a relatively slow diffusion 
process in Al2o3. 
Pore detachment from the grain boundaries is of 
particular importance in alumina for it can give raise to 
fp• 
abnormal grain growth. Abnormally large tubular grains can 
continue to grow into porous regions of the ceramic body further 
. i h . . . ( 2 S ) . Th ·· trapping more pores n t e grain 1nter1or. 1s can 
10 
Figure 2. Schematic of final stage sintering in a powder 
compact. Upper right part of figure shows coarsening of larger 
surrounding grains at the expense of the smaller grain; arrows 
show direction of boundary movement. Lower part of figure shows 
densification. Arrows show diffusion path~5~f matter from the grain boundary to the pores (after Brook). 
Figure 3. Diffusion paths.which allow transport of matter from 
the front wall to the back wall of a moving pore. As the matter 
moves to the back wall on the left the pore moves to the right. 
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dramatically limit the final density and adversely affect the 
final desired properties of the ceramic body, such as to decrease 
the strength due to the large grains or to decrease the optical 
transmittance due to the remaining trapped pores. 
For a system undergoing normal grain growth with mobile 
pores attached to grain boundaries, the velocities of the pores, 
(22 24 26) VP, and the boundaries, Vb are defined as: ' ' 
V =MF (1) p p p 
(2) 
where Fp is a drag force due to the attached pore, Fb is the 
force on the boundary due to the curvature of the boundary, N is 
the pore number density, and Mp and~ represent the intrinsic 
pore and boundary mobilities, res_pectively. Pore attachment will 
occur( 24 •26) when VP= Vb. From Equation (1), FP = Vb/MP. 
Substituting this back into (2) and rearranging, thus gives 
V p 
-
• 
(3) 
If boundary conditions control the boundary motion, N¥0 <<Mp, so 
in this limit then 
(4) 
12 
but if pore conditions control the boundary motion, NM >>M then p p' 
in this limit 
• 
Pore detachment will occur when V >v so that b p 
M p 
or 
F p 
(5) 
(6) 
The ratio of Mp/~ can be seen to play an important role in 
determining whether or not pores will remain attached to the 
grain boundaries. A raising of the ratio will favor attachment 
while a lowering of it will favor pore breakaway. 
2. Principles of Understanding the Role of An Additive 
In order to understand the role of a solid solution 
sintering additive in alumina it is necessary to determine the 
predominate mechanisms of densification and coarsening in the 
host material and to determine the effect of the additive upon 
these mechanisms. The effect of the additive on grain boundary 
mobility and pore mobility is equally important. Since the 
predominant sintering mechanism is dependent upon the grain size, 
temperature, and impurity content; the particular roles of the 
additive are vrilid only over a· particular grain size range and 
temperature range and, generally, for that impurity level and 
type. 13 
y'·. 
.. 
' 
.. 
The effect of an additive on the various diffusivity 
and mobility terms is, therefore, of primary importance. The 
•1 
terms are generally described as: lattice diffusion, n1 ; grain 
boundary diffusion, Db; surface diffusion, Ds; vapor phase 
transport, Dv; and grain boundary mobility,~· It is generally 
through these terms that the effect of temperature is realized; 
although the temperature will, of course, affect the solubility 
limits of an additive or background impurities. It is also 
through these terms that the influence of a solid solution 
additive can be understood. The understanding of the influence 
that the additive has on the predominant sintering mechanisms 
through these terms will lead to the understanding of how the 
sintering additive influences the microstructural development. 
3. Role of Defect Chemistry in the Sintering of Alumina 
A basic understanding of point defects in Al 2o3 is 
essential to the understanding of diffusional controlled 
processes in the sintering of alumina. Diffusion coefficients 
are altered by point defect concentrations, which in turn change 
as a function of additive or background impurity concentrations. 
Diffusion in alumina is dominated by additives or background 
impurities. Even the high~st purity alumina powders exhibit 
extrinsic behavior, for the intrinsic defect formation energies 
1 h . h (27) in a umina are very 1g. A knowled.ge of the major disorder 
mechanism in alumina would tell us what defects will be formed 
when Al2o3 is doped with aliovalent atoms. Unfortunately, the 
precise major mechanism is still unc~rtain; wherein arguments for 
14 
I• 
.,. 
both Schottky and Frenkel disorder still persist in the 
lit t (17,28-31) r era ure. 
' 
Incorporation of MgO into A1 2o3 favoring the Schottky 
reaction would be expanded to yield: 
2 MgO 
Al 2o3 , 
---~~) 2MgAl + 20~ + VQ' (7) 
and that for the cation Frenkel would be: 
3 MgO (8) 
A1 2o3 
' X 
> 3MgAl + 300_ + Alf_ •• 
(9) or 3 MgO 
Since the magnesium ion (0.72A) is larger than the aluminum ion 
(0.53A) and since the interstitial site is equivalent in. size to 
a normal aluminum site, reaction (9) is favored over reaction 
(8). The incorporation of zro2 into alumina favoring the 
Schottky reaction would be 
" 3 Zr02 
While the unfavored anion Frenkel related reaction would be: 
A12o3 
~ 
15 
t 
(10) 
(11) 
•' 
• ;, 
The equimolar addition of MgO and Zro2 in Al 2o3 would be 
MgO + Zr02 
Al 2o3 , 
~--~> MgAl + ZrA1 + 30: (12) 
The reactions of interest in Al 2o3 , then, are (7), (9), (10) and 
(12). 
The calculated dependencies of point defect concentra-
tions in Al 2o3 on the concentration of MgO added to an impure 
2+ 
system (a presumed low M impurity content) are shown in Figure 
4a and b. (l 9) Note that the cation-Frenkel model predicts an 
increase in [Al~··] with increasing [MgO]; and thus, predicts an 
increase in DAl by generating Ali .• defects with DAl = DAli .. x 
[Alf""]. (l 9) The Schottky ~odel, however, indicates there might 
be an initial decrease in DAl due to a decrease in [V~i'], 
followed by an increase in DAl due to an increase in the [A11··]. 
The calculated dependencies of point defect concentrations in 
Al 2o3, on the concentration of Zr02 added to an impure system (a 
presumed low M2+ impurity content) are shown in Figure 4c and d. 
Note here that if the Frenkel model were correct there would be 
an initial decrease in [A1:··] then a compensating increase in 
1 
' ' ' [VAl] so that with increasing additions of Zr02 the diffusion 
rate of an aluminum atom should decrease initially, then 
subsequently increase. The Schottky model, however, predicts an 
' ' J ' increase in [V Al:] with any addition of Zr02 , and thus, predicts 
an increase in DAl with any Zro2 additions. 
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Figure 4. Point defect concentrations as a f~~ction of additive 
concentration in a-alumina containing a low M impurity content. 
a) MgO additions, assuming Schottky disorder dominates; b) MgO 
additions, assumtj§)cation Frenkel disorder dominates (after 
Harmer and Brook ); c) ZrO additions, assuming Schottky 
disorder dominates; and d) zrb2 additions, assuming cation 
Frenkel disorder dominates. 
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B. Mapping Approaches to Understanding Sintering 
In order to determine tl1e predominant mechanisms of sintering 
and to better visualize the microstructural development as a 
function of process variables, so called "mapping approaches" 
have been developed. Some of the· more useful "maps" will be 
briefly reviewed below. It must be remembered that these maps 
are developed from models which usually assume ideal geometries-.-
which one rarely sees--and that some may be applicable only over 
limited ranges of the sintering process. Their values, however, 
lie in the qualititative to semiquantitative picture they present 
to understand where and when a particular process is important in 
sintering. In some cases they can indicate not just what an 
additive has done; but what one should strive for in selecting an 
additive so as to affect the various diffusion coefficients 
favorably; and how one might vary the ceramic processing steps to 
optimize the final product microstructure. 
B k <22 ) i d d h f b·1· roo ntro uce t e concept o a mo 1 1ty ratio, 
B = (Mp)/(~) and a force ratio, Q = (Fb)/(NF ). Using these p . 
ratios, equation (6) becomes Q-l>B for ~ore separation. By using 
expressions for the force and mobility terms, he evaluated these 
equations as functions of pore size and grain size, to define 
regions of boundary control, pore-boundary separation, and pore 
control. He assumed that the boundary controlled, that is, the 
N~ <<Mp or B>>l condition was satisfied, when B~lO. A plot of 
grain size against pore size, assumi~g the pores move by surface 
diffusion, is shown in Figure 5. <22 ) Qualitatively the figure 
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Figure 5. Brook map indicating regions of pore-grain boundary 
interactions assuming pores move by surface diffusion. Solid 
lines are for a pure material; and the dashed t~~rs are for a 
material with a 1% impurity level (after Brook ). 
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indicates that region where pore-boundary separation can occur. 
The effect of adding 1 percent impurity is shown to shift the 
separation region to larger grain sizes. Thus, abnormal grain 
growth might be avoided for the sample would sinter to full 
density before the grains were large enough for pore-boundary to 
occur. The effect of the impurity (or dopant) here is to raise 
D8 and/or lower~-
Ashby<32) introduced temperature-density sintering diagrams 
which indicate the dominant sintering mechanism and the net rate 
of neck growth or densification. However, he assumed negligible 
grain growth, and thus the development of microstructure with 
time can not be made particularly for later stages of sintering. 
Burke et al. ( 33 ) proposed a plot of surface area versus 
density as a means to monitor the effect of process variables on 
the total surface area and net densification during sintering. 
Surface area can not be measured during the final, closed pore, 
stage of sintering and thus the idea is restricted to initial and 
intermediate stages of sintering. 
Cannon, Yan(l) and Brook(S) have proposed a model of 
simultaneous densification and normal grain growth which can be 
used to construct a trajectory representing microstructure 
development on a grain size-density plot. A schematic 
representation is shown in Figure 6. Normal sinte!ing is seen to 
fall on a trajectory between the two extremes of pure coarsening 
and pure densification. The grain size trajectory is developed 
by computer iteration between the appropriate densification and 
20 
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Figure 6. Schematic representation of a microstructural 
development trajectory in terms of grain size and density. 
Vertical line would be for pure coarsening, horizontal line would 
be for pure densification, and interr1diate line ygyld be what is 
normally seen (after Cannon and Yan and Harmer ). 
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.. coarsening rate equations in their integraJ. form. For lattice 
diffusion-controlled densification and surface diffusion-
controlled (pore drag) coarsening the appropriate equations 
are:( 7) 
and 
p-p 
0 
kTn (l-p) 4 13 
(13) 
(14) 
where p and G are the selected starting density and grain size, 
0 0 
respectively; y is the free surface energy, n is the molar 
s 
volume, k is the Boltzman constant, Tis the temperature, yb is 
the boundary energy, and c is the surface diffusion depth. s 
A starting grain size and density ar~ selected. The effects 
of temperature and additive level are accounted for through their 
influence on the various diffusion coefficients. If an additive 
'-
raises the lattice diffusion coefficient relative to the surface 
diffusion coefficient, (D1 /D 5), then the increase in densification 
over coarsening is reflected in a shift toward the density axis 
' (see Figure 6). It is important ·to remember, however, that while 
lowering n5 here will favorably increase densifica
tion as 
indicated above; it will also detrimentally lower the pore-
boundary separation region as described in Figure 5. 
Harmer( 6) expandedithe information on the.grain size-density 
plot to include regions where the dominant mechanisms controlling 
22 
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densification and coarsening are marked with the appropriate 
diffusion coefficient pairs (i.e., n1 :n8). He also added a 
pore-boundary separation region by using modified versions of the 
Brook diagram which consider grain size distribution( 34 ) and a 
constant interpore spacing. <35 ) The resulting microstructure 
development map is shown schematically in Figure 7. The minimum, 
* * or critical grain size, G, and density, P , at that critical 
grain size which define the lower bound of the separation region 
are given by; 
* G 
* p -
-
8195 n8 o5 n 
(15) 
M_ kT n4 (1-G/G ) 4 
-o max 
1 - 0.0117 n3 (1-G/G ) 3 
max 
(16) 
where n is a geometric factor equal to 5/4 for a narrow grain 
size distribution and 3/2 for a wide grain size distribution; 
--G is the average grain size; and G is the size of the largest 
max 
grain. 
The great value of a Harmer microstructural de_velopment map 
is that it can illustrate both the effects and the relative 
magnitude of the various effects from changes in diffusion 
coefficients, of~ and of grain size distributions. The goal is 
to get the trajectory under the separation region. The dashed 
f . 
lines on Figure 7 illustrate the effect of both raising the n1 /D8 
ratio and decreasing~ which results in a favorable lowering of 
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Figure 7. Harmer Microstructural Development Map. Shows micro-
structure development t~ajectory with pore-grain boundary 
separation region, and areas marked by diffusion coefficient 
pairs which indicate, respectively, the densification and 
coarsening mechanisms which are assumed to dominate in that 
. -
region. 
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the trajectory and raising the separation region. The effect of 
starting with a narrower particle size distribution is to make 
the separation region narrower and to raise it. The formation of 
a few larger grains, as say from original starting powder 
agglomerates, would increase G relative to G, that is, give a max 
larger grain size distribution and, thus, a wider separation 
* 
region and a lower G. 
C. Mechanism Enhancement Approaches for Understanding the Role of 
Additives in Sintering 
1. Hot Pressing 
a. Densification Enhancement: An understanding 
The application of external pressure to the 
. 
sintering process results in enhancement of those processes that 
lead to densification. (l 9) Consider the schematic representation, 
shown in Figure 8, of the sintering mechanisms as described by 
Ashby, (l 2) but with external pressure applied. The externally 
applied load, P , will be carried by the grain boundary area of 
a 
+ 
contact between grains A and B. This will give raise to larger 
chemical potential differences due to larger pressure differences 
between atoms along grain boundaries (Figure 8 at [b]) compared 
with those atoms at the sample surface (Figure 8 at [a]) and at 
the pore surface (Figure 8 at [c]). The densification transport 
+ Note that the effective stress, creff' in the compact will be 
higher than the applied stress, o 1 . d' since the load is 
actually carried by a cross-secti8REr1 ~rea which is smaller than 
the entire macroscopic sample cross-sectional area. 
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Figure 8. Schematic representation of the effect of applied 
pressure on the atomic diffusion pathways in sintering. 
Diffusional paths which lead to densification [at (b)] are 
enhanced, while those giving raise to coarsening [at (a), (c) and 
(d)] are relativ~ly unaffected. 
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paths which act to relieve the additional stress (D1 , Db" and 
DL,d) are enhanced. While the coarsening paths (D8 , DV and Db) 
which do not see this large ir:crease in pressure difference 
(Figure 8 at [a], [c], and [d]) will not be so enhanced. That 
is, consider the diffusion perpendicular to the boundary, Db, on 
Figure 8 at [c]. Since atoms on both sides of the boundary 
equally feel the additional applied pressure there is no 
additional driving force for atoms to cross the boundary 
preferentially in one direction or the other. Basically, the 
only driving force here is due to the boundary curvature. With 
sufficient pressure, then, the densificiation mechanisms can be 
greatly enhanced allowing them to be studied without significant 
C 
. 
interference from the coarsening mechanisms. 
b. Hot pressing densification rate equations 
Coble( 36 ) modified diffusional creep equations to 
include the surface energy and pressure effects as driving 
forces. The general form for the densification rate equation for 
intermediate stage hot pressing is( 36 •37 ) 
dP 
dt 
ADµb 
kT 
b m 
G 
gP 
a 
µ 
! 
(17) 
where Pis the density, t the time, A is a constant, Dis the 
diffusion coefficient for the appropriate creep mechanism,µ the 
shear modulus, b the Burgers vector, k is the Boltzman constant,~ 
Tis the absolute temperature, ,G is the grain size, Pa is the 
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applied pressure, g is a geometric factor, m and n are numerical 
exponents characteristic of the mechanism of creep, y is the s 
surface energy and r is the pore radius. For sufficiently high 
pressures (P > 10 MPa) the surface energy term (y /r) may be 
a s 
neglected, 
thus, ( p )n g a 
where A' is a combined constant. Values of m, n and the 
appropriate diffusion coefficient for the hot pressing 
densification equation for various controlling densification 
mechanisms are given in Table II. ()B) 
(18) 
It was previously noted (see footnote p. 25) that 
in hot pr~ssing the externally applied pressure, P, gave raise a 
to higher effective stresses, oeff' within the ceramic compact 
due to the porosity. This effective stress is expressed as gP a 
in equation (18) where g was a geometric factor taking into 
account the porosity and pore shape. Coble( 36 ) concluded g=l/p 
was the best geometric factor. While Viera and Brook( 37 ) using a 
. (39) a(a){l-p) 
numerical solution to a model of Beere found g=e , 
where a(8) is a positive function of the dihedral angle and which 
is inversely proportional to 8. Their geometric factor is best 
for materials where the controlling densification mechanism 
requires a high stress exponent (2 or 3) and no grain growth has 
occurred. ( 37 ) 
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1 
2 
3 
4 
5 
TABLE II 
Summary of Hot Pressing Densification Models()B) 
Mechanism 
Plastic flow by 
lattice dislocation 
movement 
Lattice diffusion 
(Nabarro-Herring 
creep) 
Grain boundary 
diffusion (Coble 
creep) 
Grain boundary 
sliding 
Interface reaction 
kinetics: boundary 
dislocations as 
sources and sinks 
for vacancies. 
Grain Size 
Exponent 
(m) 
-
2 
3 
-i 
1 
1 
29 
Stress 
Exponent 
(n) 
3 
\ 
l, 
1 
1 
1 or 2 
2 
Appropriate 
Diffusion 
Coefficient 
DL 
DL 
Db 
n1 or Db 
D1 or Db 
" 
The intermediate stage hot pressing equations are 
best applied in the range of 70 to 85% relative density. This 
avoids the complication afforded by particle rearrangement at 
lower densities(40) and grain growth at higher densities. (4 l) 
Also, the differences between the various suggestions for the 
geometric factor for stress concentration is not as important at 
this stage of sintering. (l 9) 
c. Interpretation of hot pressing kinetic data 
Equation (18) allows for an identification of the 
rate controlling process. If a study of the pressure dependence 
of a fixed composition is made at a fixed temperature; and the 
data is compared at a fixed grain size, the densification rate, 
• < 
p, will be related to the pressure directly as 
. o (P ) n P a (19) 
A simple plot of log p plotted against log (P) will have a slope 
a 
of n which can be used to identify the type of the rate 
controlling mechanism using Table II. The grain size can be 
fixed simply by comparing the samples at some constant 
d . (3) ens1ty. Onte the mechanism h~s been identified the 
composition can then be varied at a fixed temperature ~nd 
. 
pressure so that comparison at constant density gives 
pa D. 
,,. 
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The effect of the additive on that densification 
rate controlling mechanism through its effect on the rate 
controlling diffusion coefficient, D, can be measured directly. 
Further, an evaluation of the dependence of the densification 
rate on the additive concentration may lead to an understanding, 
on the atomic level, of the diffusion path of the controlling 
species through the application of defect chemistry as discussed 
previously. The known hot pressing data results for alumina, 
will be discussed shortly. • 
d. Precautions when interpreting hot pressing results 
The identification of the controlling mechanism by 
this method alone is cautioned, for the controlling mechanism 
during hot pressing may not be the same as in pressureless 
sintering. High pressures at high temperatures f~r example, 
might lead to activation of additional slip systems giving rise 
to plastic flow which may not be controlling sintering under 
pressureless sintering conditions. Assumptions of zero grain 
growth should be confirmed because of the sensitivity of the 
d .f. i i . <42 ) ens1 1cat on rate to gra n size. Also, on the experimental 
side, all powder handling and processing procedures and all 
experimental procedures should be duplicated as close as possible 
(between hot pressing and sintering conditions) in order to 
obtain valid data for interpretation. 
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e. Reported hot pressing densification results for 
~ 
MgO and for Zro 2 in Al 2.Q.3 
Harmer and Brook(l 9) have shown a linear 
dependence of the log of the densification rate on the log of the 
applied pressure for 200 ppm by weight MgO in Al 2o3 at 1630°C up 
to a pressure of 20 MPa (Figure 9a). They interpreted the 
results as indicating a diffusionai creep process (Eq~tion (19) 
where n = 1, Table II). They also reported the rate of 
densification as a function of grain size and found a switch in 
the slope of the log of the densification rate versus log of the 
grain size from minus 2 to minus 3 (see Figure 9b) for the same 
composition at 1630°C, and no change in the slope of minus 2 at 
1475°C. (l 9) They interpreted these results to mean a change in 
control from lattice diffusion at the smaller grain sizes to· 
grain boundary diffusion at the larger grain sizes at 1630°C. 
The 1475°C data indicated lattice diffusion control over the 
grain size range studied. (Consider equation (18) at constant 
temperature and pressure and consult Table II.) They found a 
linear increase of the densification rate as a function of MgO 
content up to about 400 ppm by weight at 1630°C and 10 MPa for 
the smaller grain sized material; while higher MgO contents up to 
perhaps 4000 ppm by weight MgO gave a constant densification rate 
(Figure 9c). They pointed out that the linear increase with MgO 
content could be interpreted by either a Schottky or an aluminum I 
Frenkel point defect model Since t;tte\ grain 
\ (-3) was ex ected 
(Figure 4a and b). 
L b DAl (-2) to D0 size dependence in alumina of 
32 
a. b. 
- 30 
-
'u 
.. 
"' ... 
'E 
O" 
E 
... 20 • I 
0 
-II( 
-
.. 
-0 
'-
• 
Al 2~ ( 200 ppm MgO) 
16 30· C 
- 0 -I 
u 
.. 
"' .... 
I 
E 
C" 
E -2 
-., 
-0 
... 
C 
0 
urdoped, 1630. ( o 
undop!d 14 75 • ( • 
200ppm 
MgO. 1630• ( o 
~ 
ci ,o 
• 
... 
~ -L. ~ 
~ 
.., 
C: 
0, 
0 
-
-I 
u 
.. 
0 5 
C. 
l.O 
10 15 20 
Applied prrssurr (MPaJ 
-.... 
C 
a,, 
"O 
-.3 -6 ______ ...._ ________ _ 
, 10 
Grain s,zt ( µm) 
d. 
1800 
.: 30 
----------------------------0- dopant 
02 - grain 
boundary 
diffusion I E 
C1' 
E 
-' / u ~ 1600 .. L ::, Al 3+ (!) study 0 ~ 20 / ,: ' I ' I 
1630. C 
10 MPa -0 L... 
.. 
C. 
lattice diffusion 
C 
0 
• I 
~ 1£.00 
._ 
o 10 
\ g~a,n size maximum 
f PeetenJ 
sobd sdufJOn /,rrrt 
( Roy and [obi e J 
Al 3• u 
._ 
... 
C 
.. 
0 
1200 g. b. diff. 
0 500 1000 0 , , 10 
MgO concrntrot1on (ppm) Gram srzt ( µml 
Figure 9. Results of the effect of MgO additions ~Ygyhe kinetics 
of hot pressing in alumina (after Harmer and Brook ). 
a) Pressure dependence of the densification rate, b) Grain size 
dependence of the densification rate, c) The dependence of the 
densification rate upon MgO content, and d) Hot pressing 
densification deformation map for pure alumina with the MgO 
dopant study indicated. 
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with increasing grain size, the observed (-2) to (-3) change in 
. L 
slope from their grain size study indicated DA1control with MgO 
additions acting to raise D~1 by raising the concentration of 
aluminum interstitials, A1:··. The leveling off of the densifi-
1 
cation rate at higher MgO concentrations was interpreted as being 
beyond the solid solution solubility limit, the value of which 
was in agreement with other reported published limits. (l 9) They 
. (12,19) ( 
constructed a hot pressing creep deformation map Figure 
9d) and indicated where their studies were made. 
Berry(]) compared densification rates of conven-
tionally sintered samples in air at constant grain size for 
undoped and 250 ppm MgO-doped using the same powders as those 
used in the present study. She found MgO increased the 
densification rate by a factor of 3 compared to the undoped 
sample, with densification being controlled by grain-boundary 
diffusion. 
Harmer and Brook(43 ) also reported on the effect 
of Zro2 additions on the densification rate during hot pressing 
at 1630°C and 10 MPa. They found (see Figure 10)(43 ) an initial 
linear decrease in the densification rate up to about 400 ppm by 
weight of Zro2 followed by an increase in densification rate with_ 
higher Zro2 additions up to about 1200 ppm by weight. Above 1200 
·ppm the densification rate was constant.· Figure 4c and d show 
the defect models of Zro2 in Al2o3 of Schottky and aluminum atom 
Frenkel. Both show an increase in the densification rate at high 
' ' ' Zro2 contents by the formation of vA1 ·, but only the aluminum 
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atom Frenkel accounts for an initial decrease in the 
d if i i K .. ( 44 ) h h d 1 ens cat on rate. roger, owever, s owe a simi ar 
initial decrease and final increase with Zro2 additions using an 
oxygen-Frenkel model. This situation illustrates the difficulty 
of"determining the operating defect mechanisms from kinetic 
measurements alone. 
2. Grain Growth in Fully Dense Systems 
a. Isolation of~ for study: A basic understanding. 
The difficulties of measuring coarsening mechanisms 
in general while densification is occurring simultaneously have 
been pointed out in the Introduction. Trying to determine~ and 
the influence of an additive on~ in a porous system, then, 
makes interpretation of the results difficult. Pores control the 
boundary motion (Figure 3) right up to extremely high densities 
(Figure 7). By studying grain growth in a fully dense system, 
grain coarsening can be studied more readily since no 
densification can occur, and the interfering pores will be 
absent. 
b. Grain growth rate equations 
Grain growth kinetics in fully dense systems are 
found to obey a grain growth equation oI the type(45) 
(21) 
where G is t.he grain size after time t, G in the initial grain 0 
size, and K is a temperature dependent grain growth constant. 
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The value of n depends upon the boundary controlling 
mechanism. (23 ) If the system were pure, n~2. In impure systems 
for impurity drag n=3, for abnormal grain growth (where G > 
2G), (45 >), n=l. In alumina normal grain growth solute drag, n=3 
has been observed·. ( 9) 
c. Interpretation of grain growth data 
Equation (21) generally allows for identification 
of the boundary migration rate controlling process, however, the 
value of n does not necessarily distinguish between grain growth 
models. <23 ) Values of n (1 through 4) are tested to see which 
gives the best straight line when Gn - Gn is plotted against 0 
time, t. The slope of the line gives K, and the influence of the 
additive on K can be interpreted as a similar influence on~· 
In order to do grain growth work the grain size, of course, must 
be measured. For alumina which follows a log-normal grain size 
distribution for normal grain growth, the average grain diameter, 
-
-G, can be related to average grain width,£, measured on. a flat 
surface thus: (46) 
- -G = 1.558 fl (22) 
d. Precautions when interpreting grain growth data 
Values of n do not necessarily identify a single 
mechanism. (Z4) A value of n=3 for example can be due to boundary 
control by impurity drag in a single phase material; and if a 
second phase is present, then, n=3 can be explained by 
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coalescence of a second phase by n1 , and diffusion through a 
continuous second phase, in fully dense systems; as well as by 
(23 24 45) 
pore control by D1 or DV in porous systems. ' ' Care 
should be taken to insure the grain growth is normal over tl1e 
entire range of st~dy. Experimentally, care should be taken to 
avoid contamination from the furnace atmosphere as well as dopant 
loss by volatilization as is the concern with MgO in A1 263 . (9) 
Also desintering, with the formation of pores, might interface 
with the results; and if this occurs the possibility of carbon 
contamination should be investigated. (47 ) 
e. Reported grain growth results for MgO and Zro 2 in 
MgO additions in Al 2o3 are known to prevent pore-
( 6 7 9) 
boundary separation, and inhibit abnormal grain growth. ' ' 
Arguments for the mechanism of the MgO effect have centered on 
(48,49) 
solute drag theory, although several workers have seen no 
i ff t ( 5 0 ·• 51 ) segregat one ec s. · The difficulty in determining the 
role of MgO here is enhanced since the workers are trying to 
separate out the effects of 
other impurity effects such 
Bennison and 
porosity, second phase particles 
. (50 51) 
as calcium segregation. ' 
(9 52) · Harmer ' avoided.many of the 
and 
pr6blems by studying grain growth in a high purity, fully dense 
system. Direct evidence that MgO in solid solution lowers~ by 
a factor of 5 was shown. ( 9) The grain growth data was found to 
obey the cubic grain growth law (equation (21), n=3) as 
established by theory for impurity-drag limited grain growth. 
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They proposed a preferential segregation model with Cao and MgO 
segregating to specific boundaries such that any anisotropy in 
boundary mobility was minimized, thus promoting continued normal 
grain growth. 
(52) 
Their subsequent studies in very high purity 
alumina (99.99+% A1 2o3) gave similar results, but with a more 
dramatic reduction of?\ by a factor of 50. There are several 
important implications with this work. First, the higher purity 
undoped powder showed no evidence of abnormal grain growth, a 
fact that was attributed to the absence of a liquid phase. The 
grains showed equilibrium dihedral angles, unlike the 
nonequilibrium ones found in 99.98% Al 2o3 which were attributed 
to a liquid phase. (6 , 9) Second, the undoped K values were higher 
for the purer material and finally the effect of the MgO doping 
was greater in the purer materiRl. The authors proposed that the 
effect of MgO in Al 2o3 as a sintering aid was felt most strongly 
on the?\ term since other work in our laboratory(]) has shown 
MgO to have little effect on the densification rate/coarsening 
·l.i,, 
rate ratio as described by Brook. (S) In terms of a Harmer 
microstructural development map, Figure 7, this means there is 
little change--a slight lowering--in the microstructure 
trajectory, but a drastic change in the position of the 
separation region. 
No grain growth work on Zr0 2 doping in solid 
solution of alumina has been reported, to the knowledge of the 
author. Doping of Zro2 in amounts high enough to form a second 
phase was studied by Rossi and Burke.<53 ) The resulting final 
, 39 
microstructures showed large grains with pore clusters in the 
grain centers and more pore free regions near the grain 
boundaries. 
Codoping with both MgO and Zro2 in comparison to 
single doping with MgO is expected to have an effect on both the 
diffusional processes and on the mutual solubilities of the 
solutes due to the annihilation of lattice defects. <54 ) Consider 
equation (12) as compared with that of either equations (9) and 
(10). From equation (12) two moles of singly charged defects are 
formed for every two moles of reactants while for equations (9) 
and (10), two and two-thirds moles of more highly charged 
defects, on average, are formed for every two moles of reactants . 
. 
Thus, the hinderence for solution in the codoping case, equation 
(12), is less. Also note that equation (12) creates no net 
species that will help the diffusion of species through the 
lattice. Addition of Zro2 to a MgO doped system is, thus, 
expected to negate the point defects favorable to aluminum 
diffusion that would be created by MgO additions alone. Evidence 
of extended solubility of MgO with Zro2 additions has been 
f d (55,56,57) oun. 
E. Other Effects of Additives in A1 2Q3 
Berry( 7) using the same Baikowski powders as_ this author, 
studied the grain size dependence of the densification rate in 
pressureless sintered bodies in air at 1600°C of undoped, 250_ppm 
MgO-doped, 250 ppm Zr02-doped, and 250 ppm MgO + 250 ppm Zro2 
doped alumina. She found slopes ranging from -3.75 to -3.9 on 
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log (dp/dt) versus log G plots over 3 grain size range of 1.0 to 
6.3 µm for the undoped material; and interpreted the results to 
mean that densification control showed mixed grain boundary 
diffusion (-3) lattice diffusion (-4) behavior. The undoped 
material had a slope of (-4) indicating boundary diffusion 
behavior. Similar behavior was found in diffusional creep 
studies in 
(58) (7) 
Fe-doped A1 2o3 by Ikuma and Gordon. Berry 
observed that the sintering data indicated an increase in 
densification rate in the MgO-doped and in the codoped materials 
by a factor of 3 compared to the undoped samples. Zr02 doping 
showed virtually no effect on the densification rate in the air 
fired samples • 
. Berry( 7) also found that the doped samples showed an 
increase in the coarsening rate comp~red to that of the undoped 
for the 1600°C air fired samples. Peelen(SS) similarly found the 
coarsening rate to increase with increasing MgO content in solid 
solution. Berry found the data for the doped and undoped samples 
best fit a mechanism of surface diffusion-controlled pore drag 
for which: (S) 
dG D 
s 
a.----- (23) 
Data for the doped samples compared with the undoped sample 
showed an increase in D by a factor of 2.5 for both the 250 ppm 
s 
6. 
MgO-doped and 250 ppm MgO + 250 ppm Zr02 doped specimens, and a 
41 
decrease in D
8 
by a factor of 1.2 for the 250 ppm Zr0 2-doped 
specimen. Other studies have shown MgO additions to cause D to s 
. (59) (60) (61) increase, stay the same and to decrease. 
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III. EXPERIMENTAL PROCEDURE 
A. Powder Source and Description 
Two alpha alumina powders were examined, Linde A (Union 
Carbide) and Baikowski type CRl (Baikowski International 
Corporation). The purity, as stated by the manufacturers, was 
99.98% Al 2o3 and 99.99% Al 2o3 , respectively. A typical analysis 
of the powers is stated in Table III along with an actual 
chemical analysis (National Spectrographic Laboratories, Inc.) of 
the Baikowski CRl powder. The manufacturers reported the 
particle size of their powders as 0.3 µm for Linde A with 50% of 
the agglomerates having a diameter of less than 15 µm and 1.5 µm 
for the Baikowski CRI powder with the mean agglomerate size for 
the Baikowski CRl powder stated as 2.0 µm. Photomicrographs of 
these starting powders are shown in Figure 11. 
B. Minimization of Powder Contamination 
Doping of the alumina powder was done in teflon beakers and 
dishes using all teflon utensils for the powder handling. Ultra 
high purity, eighteen megaohm water was used in the doping 
procedures and for all cleaning purposes. Calcining of the 
powders was done in acid cleaned, high purity alumina tubes (type 
ARR; Morganite, Inc.) in a tube furnace under a flow of oxygen to 
remove carbon impurities. A different tube was used for ea;h 
dopant; and, where a series of dopant concentrations was 
prepared, calcines were done sequentially from lowest dopant 
concentration to the highest. Hot pressing was accomplished in 
high purity, high strength graphite, dies, (grade UT-44; Ultra 
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TABLE III 
Semiquantitative Analysis of Undoped Alpha Alumir,:a Powders 
Impurity 
C 
s 
Cl 
F 
Na 
Si 
K 
Cu 
Mg 
Ca 
Fe 
Pb 
.. 
Manufacturer Typical 
Chemical Analysis 
Linde A Baikowski CRI 
(ppm by weight) (ppm by weight) 
NR 
NR 
NR 
NR 
29 
53 
9 
6 
9 
11 
23 
NR 
NR 
NR 
NR 
NR 
30 
18 
NR 
NR 
5 
10 
20 
18 
NR = not reported; ND= none detected 
* 
Actual * 
Chemical Analysis 
Baikowski CRI 
(ppm by weight) 
290 
60 
60 
< 10 
5 - 50 
5 - 50 
5 - 50 
5 - 50 
1 - 10 
1 - 10 
1 - 10 
ND 
by National Spectrographic Laboratories, Inc.; after doping 
procedure, with no dopants added. 
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Figure 11. SEM photomicrographs of the starting a-alumina 
powders. a) Linde A (12,000X); b) Linde A, showing agglomerates 
(2,000X); c) Baikowski CRl (12,000X); and d) Baikowski CRl, 
showing aggomerates (2,000X). The mean diameter of the spheres 
is~ 2.5 µm. 
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Carbon Corp.) with a guaranteed ash content of less than 5 ppm. 
A separate die was reserved exclusively for each dopant type. 
No releasing agent was used in hot pressing. Any reaction 
layer formed from reaction with the graphite die was removed 
prior to subsequent density determinations or grain-growth work. 
Samples used for sintering studies or grain-growth work were 
placed in a high purity alumina boat (type ~RR; Morganite, Inc.) 
with a separate boat reserved for type of dopant. Each grain 
growth sample and each isothermally sintered sample was 
surrounded by powder of the same composition to minimize dopant 
volatilization and potential contamination from the furnace 
atmosphere. 
C. Powder Doping and Preparation Procedures 
A MgO-doping solution was prepared by dissolving magnesium 
nitrate, Mg(N03) 2•6 H2o (Atomargic Chemetals, Ltd.) in 18 mega
ohm 
high purity water to obtain a solution containing 0.00161 g 
MgO/ml, as standardized by atomic absorption. A Zr02-doping 
solution was prepared by dissolving zirconium isopropoxide, 
ZrOC3H7•HOC 3H7 (Alpha Products) in dry isopropy
l alcohol to 
obtain a solution containing 0.002801 g Zro2/ml, as standardized 
by gravametric methods using platinum crucibles. 
The doping proc~dure was as follows: The desired amount of 
dry alumina powder was preweighed in a teflon beaker and was made 
into a slurry with a mnimum amount of absolute ethyl alcohol. 
For Zro2 doping, 25.00 ml± 0.03 ml of
 the Zro2-doping 
solution was pipetted evenly over the stirred alumina slurry. 
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After stirring for 5 minutes, 25 ml of 18 megaohm water was 
added. 
For MgO doping, 25 ml of isopropyl alcohol was added to the 
alumina slurry followed by the addition of the desired amount of 
MgO-doping solution using a micropipetter capable of delivering 
up to 1.000 ml± 0.001 ml. 
. .. 
For codoping, 25.00 ml± 0.03 ml of the Zr02-doping solution 
was pipetted evenly over the stirred alumina slurry. After 
stirring for 5 minutes,~ 20 ml of 18 megaohm water was added, 
followed by the addition of the desired amount of MgO-doping 
solution using the micropipetter. 
For the undoped powder, 25 ml or isopropyl alcohol was added 
to the stirred alumina slurry followed by 25 ml of 18 megaohm 
water. 
In each case, the mixture was evaporated to dryness under a 
heat lamp overnight; crushed with a teflon dowel to break up the 
soft agglomerates; dried at approximately 200°C on a hot plate 
and under a heat lamp (3-5 hrs.) to produce a free flowing 
powder; mixed for better homogeneity; calcined at 750-800°C in a 
tube furnace overnight, under flowing pure oxygen; crushed again 
to break down any agglomerates; and transferred to acid cleaned, 
·polyethylene bottles for storage. 
Table (IV) contains a list of the powder compositions 
prepared by the~e methods. Unless indicated otherwise, all 
dopant concentrations stated in reference to this work refer to 
cation atomic ratios. 
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TABLE IV 
Powder Compositions 
A. Baikowski CRl Alumina 
ppm dopant added 
Composition 
Undoped 
MgO-doped 
MgO-doped + 
by cation atomic ratio 
0 
250. 
80.0 
200. 
250. 
300. 
360. 
Zro2-doped (equimolar) 
250. 
250. 
Undoped 
MgO-doped 
MgO + 
Zro2-doped 
MgO + 
Zro2-doped 
MgO + 
Zro2-doped 
B. Linde A Alumina 
(equimolar) 
(MgO excess) 
(Zr02 excess) 
0 
63.2 
250. 
225. 
250. 
225. 
225. 
250. 
200. 
200. 
250. 
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I 
by weight (oxide) 
0 
198. 
193. 
483. 
604. 
725. 
870. 
198. 
604. 
0 
50.0 
198. 
544. 
604. 
178. 
544. 
198. 
483. 
158. 
604. 
.. 
D. Hot Press/Furnace Equipment and Specimen Environment 
All hot pressing studies, grain growth studies, sintering 
studies, and thermal etching was done inside a graphite-element 
resistance-heated hot press (Astra model number HP-20-1000-2560; 
Astra Industries, Inc.); under ultra pure carrier grade nitrogen 
(Air Products & Chemicals, Inc.). A schematic diagram of the hot 
press system is shown in Figure 12. All of the heated parts are 
made of graphite as was the high purity internal ram assembly and 
the punch and die assembly (UT-44 grade: Ultra Carbon Corp.). 
Hence, the environment is extremely rtducing in nature. The 
graphite dies used to prepare samples for the grain growth work, 
and used in the kinetic studies, were 3 inches in length by 3 
inches outer diameter with either a 3/4 inch or 1 inch inner 
cavity diameter. Two 1/2 inch spacers were used to surround the 
powder in the die. One 2 inch long upper punch and bottom 
spacers of different thicknesses were used to position the disc 
at different heights in the die. A diagram of the die is shown 
in Figure 13. 
The hot press was normally evaluated to approximately 0.2 
torr, flushed twice with small amounts of nitrogen and, upon 
" 
reaching 0.2 torr again, ~as backfilled with nitrogen gas and a 
3 
through flow rate of 0.5 ft /hr was set. The furnace was heated 
up at approximately 65°C per minute to 1000°C and then to the 
desired working temperature at an average rate of approximately 
' 
100°C per minute. After the prescribed time at the desired 
temperature, the furnace was shut off and it was fo~nd to cool at 
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Figure 12. Schematic of'the hot press assembly. 
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Figure 13. Schematic of the graphite hot pressing die assembly. 
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an average rate of 56°C per minute. However, the specimen was 
nonnally removed, immediately from the center of the 6 inch hot 
zone to just outside the hot zone, by lowering the lower ram and 
assembly 4 inches. The actual cooling rate of the specimens is 
unknown. 
The temperature, T, ram pressure, P, and ram displacement, 
X, of the hot press was monitored continuously by the use of a 
3-pen strip chart recorder (Soltec model #1243; Soltec Corp.) 
capable of a full scale response time of 0.3 sec, a full scale 
voltage range down to 1 mV and chart speeds of from l cm/sec to 1 
cm/hr. The temperature was measured with a Boron-Carbon/Carbon 
(B-C/C) thermocouple capable of measuring temperatures up to 
2000°C. This thermocouple was located near the cylindrical 
graphite heating element and also served as the controlling 
. 
thermocouple for the temperature controller. The B-C/C 
thermocouple was calibrated against a Pt-6% Rh/Pt-30% Rh 
thermocouple (Engelhard Corp.) which was situated,,inside a punch 
in a die in the center of the hot zone where all pellets would be 
pressed. The B-C/C thermocouple was found to respond linearly 
over the temperature range of about 1200°C to 1650°C with slight 
nonlinearity up to 1700°C. Corrections were made for the actual 
temperature response of the Pt-6% Rh/Pt-30% Rh thermocouple as 
reported for the particular batch of thermocouple materials by 
the manufacturer. (It was stated that the calibrations could be 
traced to NBS by test No. 222266A IPTS 68). The millivolt output 
of the Pt-6% Rh/Pt-30% Rh thennocouple was monitored with a 
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.digital microvolt meter (Keithley model #177; Keithley 
Instruments, Inc.) at a junction located outside of the hot 
press. This allowed for a temperature measurement error of 
approximately +2°C in practice. For details on the control of 
the temperature of the hot press see Appendix II. 
The ram pressure was measured by a load cell (model 1221-AJ, 
Interface) as a standard hot press feature. When recorded on the 
chart recorder, a typical load value of 3100 Kg+ 15 Kg gave a 
resultant pressure value of 60.0 + .3 MPa for a one inch diameter 
die. For details on the control of the pressure of the hot press 
see Appendix II. 
The ram displacement was measured by a linear variable 
differential transformer (LVDT, Daytronic) which h·ad been used 
previously in a dilatoweter. The transducer was used on its 
lowest sensitivity range, however, when measured on the strip 
chart recorder, values of 0.06 cm full scale or 0.0006 cm/div 
could be easily measured. In a one inch diameter die, a fully 
dense sample whose final thickness_ is 0.154 cm; would be 0.192 cm 
thick at 80% density. Thus, since one can read to within 0.2 
division on the recorder, one can measure 0.192 cm± .00012 cm or 
80.00% ± .05%, assuming all of the ram movement can be related to 
the densifying sample. Corrections were made for the thermal . 
expansion of the ram system, by taking into account the displace-
ment as measured on the LVDT transducer for the system heated up, 
with no powder in the die cavity. 
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E. Sintering Studies 
Baikowski CRl alumina powders were cold pressed in 99.5% 
alumina dies (Insaco, Inc.). The dies were 2 inches long by 2 
inches outer diamter by 5/8 inches inner diameter. Undoped, 
250 MgO-doped, 250 Zro2-doped, and 250 MgO + 250 Zr02-cod
oped 
compositions were studied. For each composition, 1.000 g ± .005g 
of powder was compressed under a load of 2500 pounds (124 MPa) 
for 7 minutes. The pressure was then very slowly released. This 
yielded pellets having a mean green density of 50.0% with a 
standard deviation of 0.4%. Each pellet was broken into four 
pieces using a teflon utensil. Specimens were sintered at 1600°C 
for 20 hours or at approximately 1800°C for 1.5 hours. They were 
cut on a diamond saw through the center and the cut surface was 
polished, thermally etched, and examined on the SEM for grain 
size and microstructure morphology. 
F. Grain Growth Studies 
Fully dense alumina discs were prepared from the Baikowski 
CRl powders using the hot press. An amount of powder, 3.11 gt 
.01 g, was placed in a 1 inch inner diameter die and was cold 
pressed using the hot press ram system in air. Lower pressures 
were applied intermittently with rotation of the die to assist in 
the production of an even disc. The ram pressure was increased 
to 60 MPa, the furnace lowered down over the die assembly and the 
system was evacuated. The chamber pressure was reduced typically 
to less than 0.1 torr. After approximately 1/2 hour the chamber 
was backfilled with nitrogen and a through flow rate of 
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1/2 ft 3/hr was set up. 
, 
The ram pressure was reduceg to 2 MPa and 
maintained at that value during the heating up cycle. Upon 
reaching the desired temperature, the ram pressure was increased 
immediately to 60 MPa. Samples were hot pressed at 1400°C or 
1450°C for lengths of time varying from 1/2 hour to 2 hrs 
depending upon the response of particular composition. These 
conditions were varied until fully dense samples (transparent 
enough to read through it) with small grain sizes (less than 4 µm) 
were produced. The precise pressing conditions for the samples 
herein reported in the grain growth work for the various 
compositions are stated in Table V. Alumina discs prepared in 
this manner were cut on a diamond saw into pie-type pieces . 
. 
Specific sequences of notches were cut into the outer edge of 
each pie section for identification purposes. Samples of the 
various compositions were heated as rapidly as possible to 1630°C 
in the hot press under a flow of nitrogen; and held there for 
from zero to 50,000 seconds to produce a series of specimens of 
increasing grain size to be used for grain growth measurements. 
The cut surface of each piece was then polished, thermally 
etched, and grain size measurements were made using scanning 
electron micrographs of areas in the center and near the point of 
the pie shaped pieces. 
G. Densification Rate and Final Density, Comparison Studies 
An amount of powder--2.30 g ± .01 g for a 3/4 inch di~ or 
3.11 g ± .01 g for a 1 inch die--was evenly distributed inside a 
die cavity by hand tapping the die as necessary. The upper 
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TABLE V 
Grain Growth Samples Prepared by Hot Pressing at 60 MPa 
250 
250 
250 
250 
Sample 
Composition Number 
Undoped 
Undoped 
ppm MgO + 
ppm Zro2 
ppm Zro2 
ppm MgO 
120 
131 
134 
132 
135 
250 ppm MgO 136 
Hot Pressing 
Conditions 
temp. 
(OC) 
1450 
1400 
1400 
1400 
1400 
1400 
time 
(hrs.) 
0.5 
1. 0 
2.0 
1. 0 
0.5 
1.0 
Final Density 
3 (Mg/m) (%) 
3.984 99.95 
3.988 100.05 
3.965 99.48 
3.976 99.76 
3.986 100.00 
3.989 100.07 
average density; center was transparent where grain growth 
* 
* 
measurements were taken, therefore, actual density believed 
to be greater than 99.9%. 
\ 
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spacer and punch were then carefully inserted and the assembly 
was placed in the hot press for cold pressing. Lower pressures 
were applied intermittently with rotation of the die to assist in 
the production of an even disc. The ram pressure was then 
increased to the desired final hot pressing value, the furnace 
was lowered down over the die assembly and the system was 
evacuated. When the chamber pressure fell below 0.2 torr, it was 
backfilled with nitrogen to ambient pressure and a through flow 
3 
rate of 1/2 ft /hr was set up. The ram was slowly retracted so 
as to slowly reduce the ram pressure to zero, and further 
retracted, to about 6 mm from its initial position. The position 
of the powder compact was thus very near the center of the hot 
zone for the entire heating up part of the pressing cycle. The 
hot press was heated to the pressing temperature as quickly as 
possible, and the ram pressure was applied immediately upon 
reaching the desired temperature. Samples for the pressure 
~ 
dependence study were treated the same, except that they were all 
cold pressed to 60 MPa. 
In practice the pressure was found to completely stabilize 
in about 5 sec at 60 MPa and in about 9 sec at 25 MPa. The 
pressure reached about 80% of its desired value in less than 1 
second at higher pressures, and in about 2 seconds at 25 MPa. 
The displacement was recorded at either 0.06 cm or 0.3 cm full 
. 
scale (10 inches) at a chart recording rate of from one to three 
seconds per centimeter. After the desired pressing time was 
reached the ram pressure was immediately released and the ram 
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retracted so as to remove the resultant disc to just outside of 
the hot zone. l'he furnace power was also turned off immediately. 
The final thickness of the pressed alumina disc was measured in 
the center of the disc and at eight points around the outer edge 
of the disc to within+ 0.001 cm. The value used as the final 
thickness was an average of these measurements. The density of 
the disc was determined. These resultant values in conjunction 
with the displacement curve on the chart recorder were used to 
determine the densification rate at a given density by equation 
(A4) found in Appendix I. 
Preliminary work was done on Linde A powders at 1630°C and 
20 MPa for long periods of time (5 minutes or 10 minutes) while 
. 
subsequent work was done at lower temperatures and shorter 
periods of time. Linde A powders were studied using 3/4 inch 
dies at 1550°C and 25 MPa while pressing for 90 seconds; and 
Baikowski powders were studied using 1 inch dies at 1400°C and 60 
MPa while, similarly, pressing for 90 .seconds. 
A series of densification runs were also made using 1.50 
grams of the undoped Baikowski and 300 ppm Zro2-doped Baikowski 
powders in 3/4 inch dies at 1550°C and pressing for 90 seconds, 
by varying the applied pressure from 30 MPa to 60 MPa. These 
,were done to determine the pressure dependence of these 
compositions. 
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H. Density Determination 
The densities of all sintered samples were determined by the 
Archimedes method using deonized water with 0.01 weight percent 
Brij wetting agent (Fisher Scientific Company) as the irrnnersion 
medium. The samples were dried in an oven at 110°C, cooled to 
room temperature and weighed to give their dry weight (Wd). The 
sample in this water medium was placed under vacuum in a 
dessicator for approximately 4 hours. The dessicator was then 
quickly backfilled with air to help the water impregnated into 
the open porosity. 
The sample was suspended in the water medium by placing it 
in a wire basket suspended from a nylon thread. The suspended 
weight of the sample plus the support wire (W ) and the s+w 
suspended weight of just the support wire (W) were determined. 
w 
The temperature of the water medium was then measured. 
The impregnated weight (Wi) was determined by removing the 
sample from the solution, blotting the excess water from the 
surface for 20 seconds with a paper towel, and reweighing the 
sample immediately; recording the weight value 30 seconds after 
it was removed from the solution. (These times were determined 
from trials of weighing single crystal sapphire discs). The 
density of the sample was calculated as follows: 
p = 
Wd (pwater) 
Wi-(Ws-f:w-Ww) 
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The density of water at the measured water temperature was used 
for P • ( 62 ) The relative densities were calculated based on 
water 
3 
a theoretical density of 3.986 g/cm. All weighings were 
measured to within± 0.01 mg and were recorded twice. Density 
measurements for the large (3g) samples were reproducible to 
within+ 0.004 g/cm3 while smaller (.1 g) samples were 
3 
reproducible to within± 0.1 g/cm. 
I. Grain Size Determination 
All grain size determinations were made on polished, 
thermally etched surfaces. Samples to be polished were mounted 
in a fast-cure epoxy (Buehler, Ltd.), polished by hand using 250 
mesh SiC, and then polished on an automatic polisher (Ecomet II: 
. 
Buehler, Ltd.) following a sequence of 15 µm, 6 µm, 1 µm and 1/4 
µm diamond grit. Samples were removed from the epoxy mount by 
boiling in water and prying them out with a knife. ·They were 
ultrasonically cleaned in trichloroethylene, rinsed in methanol, 
ultrasonically cleaned in deionized water, rinsed in super pure 
18 megaohm water, and dried. The samples were thermally etched 
by placing them in the high purity alumina boat (Morganite, Inc.) 
designated for their particular dopant; and annealing them in the 
hot press under a flow of nitrogen at 1450°C for lengths of time 
varying from 20 to 45 minutes depending upon the expected grain 
.. 
size. In general, for a sample whose grain size was expected to 
be greater than 10 µm, 45 minutes was required, while for small 
grain sizes(< 4 µm) 20 minutes was more than sufficient. 
60· 
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After thermal etching, samples were mounted on SEM stubs 
with graphite paste and dried. A drop of a suspension of 
polystyrene l?tex calibration spheres (2.52 µm or 10.3 ~m) was 
placed onto the polished surfaces using an eyedroper and allowed 
to dry at room temperature. The samples were then sputter coated 
with Au-Pd for SEM observation. 
SEM photomicrographs were taken from areas located in the 
center of each sample. The grain size was determined using the 
(63) linear-intercept method, thus: 
g = average grain size - 1.558 x C ~1N , where (25) 
C = length of test line 
M - magnification (as determined by the calibration spheres) 
N - number of grain boundary intersections 
The grain intersections were determined for an 8 cm test-line 
placed ten times on each of at least four different photographed 
areas. The grain size was determined for each individual area 
and the mean grain size and standard deviation considering all 
areas was then calculated for each sample. The total number of 
grain intersections ranged from 400 to 1000 for each sample. The 
standard deviations are noted in parenthesis after each reported 
average grain size. 
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IV. RESULTS 
A. Sintering Studies 
The final density and grain sizes of the Baikowski powder 
compacts of various compositions which were sintered for 20 hours 
at 1600°C or for 90 minutes at approximately 1800°C are shown in 
Table (VI). Examples of the final microstructures for the 1600°C 
and 1800°C work are shown in Figures 14 and 15, respectively. 
Most individual compositions showed a fairly uniform microstruc-
ture morphology; however, there were a few exceptions. The 
undoped and equimolar codoped specimens sintered at 1800°C had a 
visible core in the center of the piece which was visibly 
different from the outer edges. SEM observations revealed the 
. 
center of the undoped sample to be more porous with most pores 
being located (see Figure 15,a) in the center of large grains, 
and grains near the edge were slightly larger with fewer central 
pores. The codoped specimen was less porous in the middle--even 
pore free in places--(see Figure 15,b) and the central grains 
were visibly larger (63 µm) compared to those near the edge (47 
µm). 
None of the compositions exhibited pore breakaway after 20 
hours at 1600°C, while all, but the MgO doped specimen, showed 
pore breakaway after 1.5 hours at 1800°C. The MgO-doped 
specimens sintered at 1800°C was visibly transparent and were 
( shown to be pore free under SEM examination (see Figure 15,d), 
and yet among the 1800°C sintered specimens they still had the 
smallest grain size (see Table (VI). The Zro2-doped sample 
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TABLE VI 
Sintering Studies of Baikowski Powders in Hot Press Under Nitrogen 
0 1600 C for 20 hrs. 
Initial Final 
Sample Density Density,. 
... 
Grain Size 
Composition Number (%) (%) (µ.m) 
+ 
Undoped 13 49.7 98.35 14. 9 (. 8) 
Undoped 14 49.7 97.69 14. 8 (. 6) 
250Mg0250Zr02 11 49.7 97.94 14.0(.6) 
250Mg0250Zr02 12 49 .6 97 .45 14. 0 (. 7) 
200Zr02 5 49.9 97.69 -
25 OZr02 7 50.2 96 .81 16.3(1.4) 
250Mg0 9 50.6 101.5 13.2(.6) 
250Mg0 10 50 .5 99.28 -
mean 50. 0( .4) 
+values in parenthesis represent one standard deviation 
-,'r; 
microstructure exhibited pore breakaway 
0 1800 C for 1.5 hrs. 
Final 
Density Grain Size 
(%) (µ.m) 
100.02 50.7(1.5) 
99.49 49.7(1.0) 
99.04 62.6(2.0) 
99. 24 -
•I( 
99.47 r-.1 200 
99.76 -
102.3 47.2(2.4) 
100.9 -
* 
·k 
7( 
Figure 14. SEM photomicrographs showing the final microstructure 
of Baikowski powder samples, isothermally sintered at 1600°C for 
20 hours without any additional external pressure applied. 
a) undoped, b) 250 ppm MgO + 250 ppm Zr02-doped, c) 250 ppm 
Zro2-doped, and d) 250 ppm MgO-doped. 
64 
Figure 15. SEM photomicrographs showing final microstructures of 
Baikowski powder samples, isothermally sintered at 1800°C for 90 
minutes without any additional external pressure applied. 
a) u,ndoped, b) 250 ppm Zr02 + 250 ppm MgO-doped, c) 250 ppm 
zro2-doped and d) 250 ppm HgO-doped. 
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sintered at 1800°C had the lowest final density, largest grain 
size (~ 200 µm) and exhibited a very even pore distribution (see 
Figure 15,c). 
B. Grain Growth Studies 
The density of each hot pressed Baikowski alumina disc 
prepared for grain growth studies is listed in Table (V). The 
grain sizes ranged from 2 to 3.5 ~m. The final densities ranged 
from 99.5% to 100%. It was observed that the lower density 
samples were transparent in the center of the disc and opaque on 
the outer portions. The density of the other samples which were 
entirely transparent were found to be greater than 99.95%. Since 
all of the grain size measurements on the lower density specimens 
. 
were taken from the transparent region, the actual density of 
these inner regions were believed to be greater than 99.9%. The 
undoped sample number 120 was observed to be slightly porous in 
its transparent region compared to all of the other samples, which 
had no evidence of porosity initially in the central regions. 
Table VII lists the final grain sizes for each of the 
various compositions of the Baikowski powders annealed at 1630°C 
for from Oto 50,000 sec. Values in parenthesis after each 
average grain size value represent one standard deviation 
calculated from SEM observations on at least 4 different areas 
from the central region on each specimen. 
The grain growth kinetics using this data and the cubic 
grain growth law (equation (21), n=3) are represented in Figure 
16 where G3-G3 values are plotted against time for each 
0 66 
TABLE VII 
Grain Growth Samples Annealed 
0 
at 1630 Under Nitrogen 
Grain size (~rn) after annealing for various lengths of time 
Sample 
"1"' 
Composition Number tirne(sec.): 0 100 200 
300 350 500 1,000 2,
000 5,000 20,000 50,000 
O"I * Undoped 120 6.20(.21) 
'-J 
6.61(.38) 7. 00 (. 31) 7.36(.41) 8.68(.15) 
8.66(1.25) 10.9(1.6) 
Undoped 131 8.01(.48) 7.84(.11) 9.21(.37) 9.5
9(.25) 11.37(.37) 
250Zro2 132 
5. 0) ( . 15) 4.46(.33) 6.31(.44) 7.41(.57) 8.3
6(.46) 10.62(1.1) 
, 
250Mgo+250Zro2 134 2.83(.12) 4.92
(.52) 6.34(.23) 8.19(.56) 7.27(.48) 
13.1(1.4) 17.17(1.3) 
2501g0 135 1.
96(.17) 2.45(.15) 2.97(.05) 
3. 98(. 44) 4.86(.24) 6.87(.31) 12.51(1.0) 
25(i,1g0 136 2.91(.07) 
3.11(.38) 4.86(.80} 6.86(1.4) 7.99(.30) 
1~ •• 6 ( l. 0) 
* values in parenthesis represent one standard deviat
ion 
;J 
\.",' 
·\ i ·s 
25 
20 
~ 
E 
co 
.,... 
I 
0 
' ' 15 
0 
M 0 
C, 
Ml 
C, 10 
5 
I 
.,... 
• 
rv 
i 
• 
UNDOPED 
250 MgO + 250 Zr02 _..., 
'j 
~UNDOPED 
(sl i Qhtly porous) 
250IMgO 
l 0.011 
Q.043 
D 
1000 2000 
Time, t (sec). 
Figure 16. Grain grow.th kinetics of fully dense Baikowski alumina 
of various comp·ositions at 1630°C. Values of the slopes are 
x 10-18 m3 8 -1. 
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composition. A least-squares method was used to fit the data to 
a straight line. The slope of each line which represents the 
grain growth constant, K, is indicated. 
The grain growth rates for the MgO-doped samples are clearly 
much slower than those for all other compositions. The rate for 
these other compositions are within an order of magnitude of one 
another. The rate of the undoped sample which was observed to be 
slightly porous, is shown to be 
the other undoped sample (2.1 x 
-19 3 
slower (5.9 x 10 m /s) than 
-18 3 10 m /s), the 250 ppm Zro2-
-18 3 doped (1.2 x 10 m /s) and the 250 ppm MgO + 250 ppm Zr02-doped 
(1.0 X 10-lB m3/s) i b b hf h h spec mens; ut to e muc aster tan t e 
range found for the 250 ppm MgO-doped materials (4.3-7.2 x 10- 20 
3 
m /s). Some desintering or evidence of formation of pores was 
observed in some areas in these samples. These areas were 
avoided when taking photomicrography to determine grain size. 
Microstructures for undoped, 250 MgO ppm +250 ppm Zr02, 250 ppm 
Zro2 and 250 ppm MgO Baikowski powders annealed for 500 seconds 
at 1600°C are shown in Figure (17). The grain size for the 250 ppm 
MgO sample is clearly much smaller than that of the other 
compositions which were all of similar grain size. 
C. Hot Pressing Kinetic and Final Density Studies 
1. Pressure Dependence 
Hot pressing kinetic data Jor the pressure dependence 
samples of the undoped and 300 ppm Zr02-doped Baikowski powder 
hot pressed at from 30 to 50 MPa at 1550°C for 90 seconds are 
presented in Table VIII along with the final density of each 
69 
• 
Figure 17. SEM photomicrographs showing microstructure of fully 
dense Baikowski alumina after annealing for 500 seconds at 
1630°C. a) undoped, b) 250 ppm MgO + 250 ppm Zro2-doped, c) 250 
ppm Zro2-doped, and d) 250 ppm MgO-doped. 
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Composition 
(Papplied) 
Undoped 
(29.2 MPa) 
Undoped 
(41.2 MPa) 
Undoped 
Hot Pressing Data 
Final 
Density 
(%) p 
93.15 t(sec) 
p 
(p/p) X S 
9 4 • 5 2 t ( s· e c ) 
~ 
(p/p) X S 
96.36 t(sec) 
......i ( 5 0 • 1 MP a ~ 
(~/P)· X S ~ 
300ppm Zro2 (31.7 MPa) 
300ppm Zro2 ( 41. 7 MP a) 
300ppm zro2 (52.8 MPa) 
8: 
values are x 
b 
values are x 
88.58 t(sec) 
~ 
(~/p) X S 
90.95 t(sec) 
() 
(~/p) X S 
94.03 t(sec) 
~ 
(~ /p) X S 
-3 3 10 Mg/m s 
10-3 
TABLE VIII 
for Baikowski Alumina: 
0 
Pressure Dependence at 1550 C 
92.5 
79 
a 
2.67 b 
.724 
60.4 
3.32 
.900 
38.5 
4.68 
1.27 
-
-
-
-
-
-
63 
2.74 
.743 
90 
48.8 
4.70 
1 . 31 
35.0 
6.35 
1.77 
20.5 
11.0 
3.08 
-
-
73 
2.46 
.686 
36.5 
4.83 
1.34 
87.5 
31. 1 
7.52 
2.16 
21.5 
11.2 
3.22 
13.2 
20.9 
5.98 
70.5 
2.58 
.741 
41 
4.59 
1.32 
21. 0 
10.2 
2.93 
85 
19.9 
12.4 
3.65 
14.8 
19. 1 
5.64 
9.5 
33.9 
10.0 
42.6 
4.73 
1.40 
23.7 
9.30 
2.75 
14.8 
19.9 
5.86 
82.5 
13.7 
19.8 
6.01 
10.6 
30.6 
9.3 
6.9 
48.2 
14.5 
25.4 
8.20 
2.49 
15.5 
18.4 
5.60 
10.8 
29.7 
9.04 
80 
9.6 
29.9 
9.37 
7.7 
45.3 
14.2 
5. 1 
62.8 
19.7 
16.7 
14.2 
4.44 
10.9 
26.9 
8.46 
8.0 
42.2 
13.2 
77.5 
6.9 
44.8 
14. 5 
5.5 
56.8 
18.4 
11.4 
23.9 
7.74 
7.9 
38.S 
12.5 
5.9 
,61.0 
19.7 
75 
4.9 
58.1 
19.4 
7.8 
35.3 
11.7 
5.5 
53.6 
17.9 
4.2 
81.4 
27.2 
72.5 
3.4 
79.5 
27.5 
-
-
-
-
5.4 
49.4 
17. 1 
3.9 
75 
26 
3.2 
114 
39.6 
sample. The semilogarithimic relationship between the density 
and the logarithm of time are plotted in Figure 18, and values of 
logarithm of (1/p) (dp/dt) are plotted against the density in 
Figure 19. Values of the deformation rate where all of the 
curves of Figure 19 were linear, were used for comparison. The 
pressure dependence of the deformation rate is shown in Figure 20 
for this Baikowski powder data at p=85% for the undoped powder, 
and at p=75% and p=85% for the 300 ppm Zr02-doped material. The 
final density of these samples is also plotted against the 
applied pressure in Figure 21 along with some Linde A data 
similarly hot pressed at 1550°C but at 25 MPa. The pressure 
dependence data of the undoped alumina at p=85% as seen in Figure 
20 shows a change in the pressure exponent (see equation 18) from 
~ at the lower pressures to 3 above about 40 MPa. The 300 ppm 
Zro2-doped Baikowski samples indicate what could
 be a similar 
change in slope for the p=85% data just above 30 MPa. Data at 
p=75%, however, indicates a change in the pressure exponent from 
1 at the lower pressures to 2 at pressures just above 30 MPa. It 
is possible that a slope of 3 and 2 at P=85% and 75%, 
respectively, over the entire pressure range studied, might be 
more correct for the 300 ppm Zr02-doped material. The final 
density data of Figure 21 supports the previous data for undoped 
alumina and favors a single deformation mechanism operating over 
the entire pressure range studied for the 300 ppm Zro2-doped 
material. 
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Figure 18. Semilogarithimic relationship between the density and 
the logarithm of time for the pressure dependence data of Linde A 
alumina at 1550°C. a) undoped and b) 300 ppm Zro2-doped. 
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Figure 19. The deformation rate· as a function of porosity for 
Baikowski alumina hot pressed at 1550°C at different pressures. 
a) undoped and b) 300 ppm Zro2-dpped. 
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Figure 20. The pressure dependence of the deformation rate of 
Baikowski alumina. 'The exact vaiue of the pressure exponent at 
the l(n,;,~er pressures is unclear for 300 ppm ZrOz-doped alumina. 
75 
·'°11 
:\.'. 
en 
z 
w 
0 
98 
94 
UJ 90 
> 
-t-
< 
..J 
UJ 
a: 
_, 
< 
z 
-LL 
86 
20 
T: 1550 °C 
• 
UN DOPED~ 
• 
' 
300 ppm Zro 2 
• 
30 40 50 60 
APPLIED PRESSURE fMPa) 
Figure 21. The final density as a function of applied pressure 
for Baikowski alumina hot pressed for 90 seconds at 1550°C .. Some 
Linde A data are also shown. 
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2. Compositional Dependence 
a. Baikowski alumina at 1400°C and 60 MPa 
The deformation kinetic data and final densities 
for Baikowski alumina hot pressed at 1400°C and 60 MPa for 90 
seconds are listed in Table IX. Figure 22 shows the density-time 
plot for the doped Baikowski powder of various compositions. The 
semilogarithmic relationships between the density and the 
logarithm of time are clearly shown in Figure 23. Values of the 
logarithm of (1/P) (dP/dt) are plotted against the density in 
Figure 24. Values of the deformation rate at a density of 77.5% 
were determined after a linear least squares fit of the data as 
shown on Figure 24. The values of the densification rate at 
77.5% are listed in Table X and are plotted as a function of 
dopant concentration in Figure 25. The composition axis in 
Figure 25 is linear with the origin being undoped or equimolar 
Mg0-Zro 2 codoped and the abscissa being marked by either excess 
MgO or excess Zro2. Thus, a composition of 250 ppm MgO + 250 
ppm 
Zro2 would be at the origin and that of 250 ppm MgO + 200 pp
m 
Zr02 would be at an excess of 50 ppm MgO. The compositiona
l 
dependence of the deformation rate shows a linear relationship 
between the single doped and the undoped samples. The 
deformation rate of the equimqlar 250 ppm MgO + 250 ppm Zr02 
codoped composition was slower than the undoped material by a 
factor of 3. The final density of each hot pressed sample is 
similarly plotted as a function of composition in Figure 26. The 
1400°C final density data also shows a linear trend similar to 
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00 
Final 
Composition Density 
(?) 
250ppm-Mg0 91. 72 
250ppm-Mg0 92.06 
Undoped 91. 09 
Undoped 90.04 
80ppm-Zro2 87.99 
200ppm-Zro2 84.44 
250ppm-Zr02 83.72 
250ppm-Mg0 84.08 
+250ppm-Zr02 
p 
t (sec) 
• p 
(p/p) X S 
t (sec) 
• p 
(p/p) X 8 
t (sec) 
• 
• p 
(p/p) X 6 
t (sec) 
• 
• p 
(p/p) X S 
t (sec) 
• p 
(p/p) X S 
t (sec) 
• p 
(p/p) X S 
t {sec) 
.P 
(p/p) X S 
t (sec) 
• p 
(p/p) X S 
a -3 3 
values are x 10 Mg/m s 
b values are x 10-J 
TABLE IX 
Hot Pressing Data for Baikowaki Alumina 
(T • 1400°C; P lid• 60 MPa) app e 
90 87.5 85 82.5 80 77.5 
66.0 42.5 28.5 19.0 12.5 8.7 
3. 20 a 5.58 9.26 13.7 21.4 31.8 
.892b 1.60 2.73 4. ! 7 6.71 10.3 
61.0 38.0 25.0 16.0 11.0 8.0 
3.85 . 6. 31 9.69 15.0 23.6 38.0 
1.07 1. 81 2.86 4.56 7.40 12.3 
74.5 50.0 33.3 23.0 15.0 10.6 
2.93 4.51 6.81 10.9 16.5 25.6 
.817 1.29 2.01 3.31 5.17 8.29 
89.5 57.5 39.0 26.8 18.0 13.0 
2.34 4.32 6.60 10.6 15.9 24.8 
,652 1.24 1.95 ~.22 4.99 8.03 
--
82.3 52.5 35.7 24.2 15.5 
2.62 4.62 6.94 9.97 15.6 
.751 1.36 2.11 3.13 5.05 
66.0 43.0 2.9. 2 
2.97 5.58 8.82 
.903 1.75 2.86 
70.0 47.0 31.5 
2.97 5.42 7.81 
.903 1. 70 2.53 
71.0 48.0 33.2 
3.37 5.81 8.35 
1. 02 1.82 2.70 
75 72.5 70 67.5 65 
6.2 
49.S 
16.6 
5.5 
54.1 
18.l 
7.6 5.4 4.0 
38.B 54.4 89.9 
13.0 18.8 32.2 
9.5 7.0 
37.5 51. 0 
12.5 17.6 
10.5 7.2 5.0 
24.4 37.1 55.1 
8 .16 12.8 19.7 
18.6 12.0 8.0 
11.7 19.4 30.1 
3.91 6.71 10.8 
21. 0 13.5 9.0 6.0 4.0 
12.0 18.4 27.6 41. 2 61. 5 
4.01 6.37 9.89. 15.3 23.7 
23.0 14,8 10.0 6.8 5.0 
12.3 17.4 25.4 37.7 51.3 
4. 11 6.02 9.10 14.0 19.8 
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Figure 22. The density plotted against time for Baikowski 
alumina hot pressed at 1400°C and 60 MPa. 
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Figure 23. Semilogarithmic relationship between density and the 
logarithm of time for Baikowski alumina hot pressed at 1400°C and 
60 MPa. 
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Figure 24. The deformation rate as a function of porosity for 
Baikowski alumina hot pressed at 1400°C and 60 MPa. 
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TABLE X 
Summary of Hot Preesing Final De~dity and Kinetic Data 
Baikawski powder Linde A powder Linde A powder 
Linde A powder 
[1400°C; 60 MPa] [1550°c; 25 MPa] [ 16 3 0 ° C ; 2 0 MP a , 5 min , ) [1630°c; 20 HPa, 10 min.] 
Composition f ina 1 dp/d t fina 1 dp/d t f ina 1 
dp/d t final dp/d t 
denRity p • 77.57.3 density p :377.57.3 density p • 807.3 
density e • BCTI. 3 
( 7.) (x 1 o-3 Mg /m B) (i.) (xlO Hg/me) (7.) (xlo-3 Mg/ms) (7.) (x 10 3 Hg/m e) 
250 ppm MgO 92.06 38.0 
99.72 23.0 99.38 14. 5 
91. 72 31. 8 
99.67 23.9 
63.2 ppm MgO 
Undoped 91.09 25.6 92.61 41.J 
96.57 19, 6 99. 21 21. 8 
90. 04 24.8 
98.65 16.1 
00 
250 ppm Hgo+200 ppm Zr02 
95. 34 42 .6 98 .4 7 22.2 100. 07 24. 3 99.93 19.7 
N 
200 ppm Mgo+250 ppm Zr02 
91. 33 28.0 99.79 17.2 99.28 22.l 
{) 
225 ppm HgO-f-225 ppm Zro2 
88 .15 23.6 98.06 20.7 96.54 14 .8 
250 ppm Mgo+250 ppm Zro2 84 .OB 
8.34 
80 ppm Zr02 87. 99 
15 .60 -
97.37 16.5 
200 ppm Zr02 84.44 
8.83 97.09 16.6 
225 ppm Zro2 
86.06 18.2 
250 ppm Zr02 83.72 
7.82 93.24 15.4 
96.53 15.4 
96.35 13. 0 
95.65 13. 2 
-360 ppm Zr02 
4 50 ppm Zro2 -
-
92.37 14 .3 95.57 12. 8 
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Figure 25. The densification rate of alumina as a function of 
dopant concentration. 
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Figure 26. The final density of alumina as a function of 
composition. 
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that of the deformation rate data of Figure 25. 
b. Linde A alumina at 1550°C and 25 MPa 
The deformation kinetic data and final densities 
of Linde A po~der samples of various compositions hot pressed at 
1550°C and 25 MPa for 90 seconds are listed in Table XI. Figure 
27 is a density-time plot of the various Linde A compositions. 
The semilogarithmic relationship of the density and the logarithm 
of the time are shown in Figure 28. A plot of the logarithm of 
(1/p) (dp/dt) against the density is shown in Figure 29. Values 
of the densification rate were determined from a linear least 
squares fit of the data shown in Figure 29. The values at a 
density of 77.5% for each composition were then calculated, and 
are listed in Table X~ The.densification rate data at p=77.Sr 
are plotted as a function of dopant concentration in Figure 25. 
The final density plotted as a function of dopant concentration 
is shown in Figure 26. 
c. Linde A alumina at 1630°C and 20 MPa 
The average deformation kinetic data and final 
densities of the Linde A samples of various compositions hot 
pressed at 1630°C and 20 MPa for 10 minutes are listed in Table 
XII. Figure 30 is a density-time plot for the average values of 
each Linde A composition. Figure 31 shows the, semilogarithmic 
density-log time relationship of these averaged values. The 
logarithm of (~/p) (dp/dt) plotted against the density are shown 
in Figure 32. A linear least squares fit of the data on Figure 
32 was made and values of the densification rate at 80% were 
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TABLE XI 
Hot Pressing Data for Linde A Alumina 
(Tc: 1550°C; p C 25 MPa) 
applied 
Final 
Composition Density 92.5 90 87.5 85 82.5 80 77.5 75 72.5 70 65 
( i.) 
250ppm MgO 95.34 t(sec) 56 39.5 28.6 21.5 16.9 13 10.5 8.6 6.8 5.5 3.4 
+200ppmZr02 ~ 
a 7.26 12.6 17.6 24.4 32.1 43.5 56.6 69.l 83.8 122 4 .43b 
(~/p) X S 1.20 2.02 3.61 S. 19 7.42 10. 1 14.l 18.9 23.9 30.1 47.l 
Undoped 92.61 t(sec) 80.0 50.5 31.4 21.7 16. l 12.4 9.5 7.5 5.8 4.6 
(X) ~ 2.14 3.76 7.71 14.7 21.8 31.0 42.l 54.6 68.3 86.5 
°" 
(~/p) X 8 .581 1.05 2.21 4.35 6.64 9.71 13.6 18.2 23.6 31.0 
200ppm MgO 91.33 t(sec) - 72.0 45. Ii 31.5 23.3 17.5 13.2 10.5 8.2 6.4 3.8 
+250ppm Zro2 ~ - 3.24 5.90 9.09 14.9 21.0 29.6 38.4 51.l 61.3 86.4 (~/p) X S .904 1.69 2.68 4.53 6.56 9.58 12.8 17.7 22.0 33.3 
22Sppm MgO 88.15 t(sec) - 75.0 45.8 29.9 22.1 16.7 13.0 10.3 8.2 5.4 
+22Sppm Zro2 p 2.36 4.83 9.24 15.4 23.3 32.0 43.1 58.4 90.6 (fJ/p) X S .676 1.43 2.81 4.82 7.54 10.7 14.9 20.9 35.0 
225ppm Zro2 86.06 t(sec) 68.3 38.8 25.0 18.2 13.6 10.3 7.8 4.4 ~ 2.32 5.25 11. 1 18.2 26.7 36.2 46.6 74.0 
(p/p) X S 
- - -
.684 1.60 3.47 5.88 8.94 12.5 16.7 28.6 
a -3 3 
values are x 10 Mg/m s 
b values are x 10-3 
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Figure 27. The density plotted against time for Linde A alumina 
hot pressed at 1550°C and 25 MPa. 
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Figure 28. $emilogarithmic relationship between density and the 
logarithm of time for Linde A alumina hot pressed at 1550°C and 
25 MP·a·. 
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Figure 29. The deformation rate as a function of porosity for 
Linde A alumina hot pressed a.t 1550°C and 25 MPa. , 
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TABLE XII 
Average Values of Hot Pressing Data for Linde A Alumina 
Composition p 90 
63.2ppm-Mg0 t .(sec) 60.6 
• 
a 
p 5.09b 
(p/p) X 8 1.42 
250ppm-Mg0 t (sec) 57.9 
• 
+200ppmZr02 p 5.38 (~/p) X 8 1.50 
• 
Undopcd t (sec) 65.8 
• 4.21 p 
{p/p) X S l. 17 
200 ppm-Zr02 t (sec) 90. 
-~ 2.83 
(p/p) X 8 .787 
250ppm-Zro2 t (sec) 103.4 • 2.22 p 
(p/p) X S .617 
360ppm-Zro2 t (sec) --• p 
(p/p) X 6 
200ppm-Mg0 t (sec) 
• 
72.5 
+250ppm-Zro2 p 3.75 (p/p) X S 1.04 
225ppm MgO t (sec) 
• 
88.5 
+225ppm Zro2 p 2.81 • (p/p) X 8 .782 
a values nre x 10-3 Mg/m3 s 
b values are x 10-J 
87.5 
4 3. 6 
8.90 
2.55 
43.3 
7.95 
2.28 
48.0 
6.88 
1.97 
61. 5 
4.60 
1.32 
70 
3.56 
1.02 
77.9 
3.33 
.956 
51. 5 
6.17 
1.77 
61.3 
4.56 
1.31 
(T • 1630°C; P • 20 MPa) 
applied 
85 82.5 80 77.5 75 72.5 
34.9 27.7 23.5 19.8 16.7 1.42 
12.7 17.4 25.3 29.6 34.9 42.5 
3.74 5.29 7.94 9.57 1 l • 7 14.7 
32.8 25.4 19.8 16.0 13.2 11.0 
10.9 15.9 22.0 32. 1 43.6 56.4 
3.23 4.84 6.90 10.4 14.6 19.5 
37.2 30.0 24.6 20.4 16.7 
12.2 16.4 21. 8 26.3 32.7 
3.60 5.00 6.84 8.50 10.9 
44.0 32. 5 25.2 20. 1 16.3 13.6 
7.37 11. 1 16.6 23.3 32.6 40. 9 
2. 18 3.37 5.21 7.55 10.9 14. 1 
49.1 36.1 27.8 21.8 17.4 14.4 
6.15 10.0 14.2 19.5 29.0 38.7 
1. 82 3.04 4. 45 6.30 9.70 13.4 
55.1 38.5 28.4 21.9 17.7 14.5 
4.71 8.26 13.0 19.1 27.5 33.5 
1. 39 2.51 4.08 6 .18 9.18 11.6 
37.8 28.8 22.4 17.9 14.6 12. 1 
9.09 13=4 19.7 26.9 35.4 45.0 
2.68 4.07 6. 16 8.69 11.8 15.5 
43.5 31.6 23.8 18.9 15.0 12.4 
7.06 11.3 16.5 ·23.8 32.2 42. 6 
2.08 3.44 5.16 7.70 10.8 14.7 
70 65 60 
12.2 8.4 6.0 
49.0 6 7. l 93.9 
17.6 25.9 39.2 
9.6 6.9 5.1 
65.3 84.2 119 
23.4 32.5 49.8 
11.5 8.2 5.5 
48.2 64.2 86.l 
17.3 24.8 36. 0 
11.3 7.8 5.5 
50.3 70.5 104 
18.0 27.2 43.5 
11.8 8.0 5.4 
.,. 
45.6 66.8 96.5 
16.3 25.8 40.3 
11.9 7.8 5.2 
42.1 60.3 90.6 
15. 1 23.3 37.9 
10.3 7.3 5.0 
56.2 81.9 117 
20.1 31. 6 49.2 
10.2 7.1 4.8 
52.4 76.6 113 
18.8 29.6 47.2 
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Figure 30. The average values of density plotted against time 
for Linde A hot pressed at 1630°C and 20 MPa for 10 minutes. 
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Figure 31. Semilogarithmic relationship between density and the 
logarithm of time for Linde A alumina hot pressed at 1630°C and 
20 MPa for 10 minutes. 
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Figure 32. The deformation rate as a function of porosity for 
cinde A alumina hot pressed at 1630°C and 20 MPa for 10 minutes. 
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calculated. These values are listed in Table X and are plotted 
on Figure 25 as a function of dopant composition. The final 
density plotted as a function of composition is ~hovm in Figure 
26. The results of the Linde A data hot pressed at 1630°C and 20 
MPa for 10 minutes presented in Figure 25 and 26 each show a 
similar linear relationship with respect to composition. A 
linear decrease in densification rate from about 100 ppm MgO to 
390 ppm Zr02 can be seen. All of the 250 ppm MgO-doped hot 
pressed samples were very uneven in thickness and did not follow 
the trend of the other compositions. 
Values of the densification rate at 80% density 
for Linde A hot pressed at 1630°C and 20 MPa, but only for 5 
. 
minutes were similarly calculated and are listed in Table X. 
These deformation rates are also plotted on Figure 25 and the 
final densities of the samples are also plotted on Figure 26. A 
linear decrease in the densification rate and the final density 
from 250 ppm MgO to about 390 ppm Zro2 can be seen. 
3. Relationship Between the Deformation Rate and the Final 
Density 
The deformation rate of the hot pressed alumina samples 
for every composition in each temperature study at the density 
described in Table X are plotted in Figure 33 as a function of 
final density. A linear ielationship for each set of data was 
found. Some of the samples whose deformation rate fell below the 
least squaies fitted line were noted as being extremely uneven. 
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Figure 33. The deformation rate of alumina as a function of 
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4. Observations on Hot Pressin.g Work 
• 
There were several observations whicl1 are worth noting. 
First, the hot pressed samples and the adjacent graphite spacers 
all had a slight sulfur smell when removed from the graphite die 
after hot pressing in the graphite/nitrogen gas environment. No 
sulfur smell was noted on the spacers when the system was heated 
up without alumina powder in the die. 
Second, when a fully dense disc of either 250 ppm Zro2 
or 250 ppm MgO + 250 ppm Zr02-doped Baikow~ki alumina was hot 
pressed with graphite spacers at 1700°C and 25 MPa for 30 
minutes, and a thinly sliced cross-section was viewed optically 
in transmitted light, a blue ring near the outer edge of the 
< 
sample was observed at approximately 20 µm from the edge. A 
qualitative electron microprobe analysis (JEOL Superprobe 733) 
revealed about a 3-fold increase in Zro2 concentration in the 
blue area as compared to the central portion of the sample. If a 
300 ppm Zro2-doped sample was prepared similarly, but an alumina 
spacer (99.5% Al2o3) with BN as a releasing agent was used in 
place of one of the graphite spacers, no blue region was noted on 
the side of the sample next to the alumina spacer. There was, 
howev·er, still an increase by about a factor of two in the 
concentration of Zr02 at about 20 µm from the sample edge on the 
alumina spacer side. Determination of the MgO distribution in 
the codoped sample was not possible due to its low concentration 
and to the interfering effects of the Al2o3 matrix. 
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V. DISCUSSION 
A. Starting Powders and Doping Procedures 
The size of the Baikowski powder shown in Figure lla is 
obviously not in agreement with the 1.5 µm grain size description 
given in the manufacturers description of the type CRl material. 
The mean grain size is closer to 0.5 µm. The actual chemical 
analysis, as shown in Table III, is in agreement with the 
manufacturer's typical analysis. Note, however, the large amount 
of carbon impurity and relatively moderate amounts of sulfur and 
chlorine present. The background impurity levels were determined 
after the doping procedure was performed which included an 
addition of isopropyl alcohol but without adding any dopant • 
. 
Calcination of all of the Baikowski powder compositions including 
the undoped material was done under a flow of pure oxygen in an 
attempt to remove residual carbon. This was not entirely success-
ful. The value of residual carbon, 290 ppm by weight, is within 
( 52 64) 
the range which we have found in other alumina powders. ' 
There was no apparent increase in cation impurities after the 
doping procedure. The precautions taken during the powder· 
handling and doping procedure seemed to have been successful in 
avoiding further cation powder contamination. 
All work was done in an extremely reducing atmosphere in the 
graphite/nitrogen environment. The slight sulfur smell of the 
hot pressed samples and adjacent spacers when just removed from 
the die, is probably best explained by the formation of sulfides 
in the extremely reducing atmosphere. Some sulfides such as 
97 
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aluminum sulfide-upon reaction with the water vapor of the air 
form hydrogen sulfide, thus: 
(26) 
Extremely low levels of H2S can be detected by smell so even 60 
ppm sulfur in the starting powder will be sufficient for easy 
detection by this means. Since no sulfur smell was noted in the 
die heated up without alumina powder, the sulfur smell and all of 
the sulfur present in the sample at the time of hot pressing can 
be assumed to come from the starting alumina powder. 
A chemical analysis (National Spectrographic Labs) of a 
codoped Linde A powder whose desired compositioh·was 200 ppm MgO 
+ 250 ppm Zro2 indicated the composition was 210 ppm MgO + 245 
ppm Zro2• Within the error of the analysis the MgO and the Zr02 
doping procedures appear to have been successful in giving the 
desired dopant levels. 
B. Grain Growth Study 
1. Determination of the Effects of Dopants on~ 
Examination of Figure 16 reveals MgO is extremely 
effective in lowering the grain boundary mobility. All other 
dopants lower the mobility to some extent. Doping with 250 ppm 
Zro2 and codoping with 250 ppm MgO + 250 ppm Zr02 lowers~ by a 
factor of 1.8 and 2.1, respectively. Slight porosity in the 
undoped material lowered~ by a factor about 4. The two 
MgO-doped samples showed a lowering of l\ by a factor of 49 and 
27 for sample numbers 135 and 136, respectively. Sample number 
135 became visibly porous during the long time anneals and gave a 
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very low grain growth constant value (1.4 x 10 ms ) between 
the annealing times of 2000 and 20,000 seconds. Sample number 
135 was, thus, probably slightly porous; and the MgO-doped sample 
number 136 most probably gives a more correct evaluation of the 
effect of MgO doping on~· 
The addition of MgO significantly lowers~ by a factor 
of 27 co~pared to the undoped material. The other dopant 
compositions studied lowered~ within a factor of 2 of the 
undoped material. These results on a 99.99% alumina compare 
favorably with those of Bennison and Harmer( 9 ,SZ) who found MgO 
to lower~ by a factor of 4.5 for a less pure 99.98% alumina and 
by a factor of 50 for a more pure 99.99+ alumina, both annealed 
at 1600°C in air. The undoped and 250 ppm MgO-doped values of 
the grain growth constants for these studies and for the current 
work are listed in Table XIII. There appears to be a trend, 
indicating the ability of MgO to lower~ in alumina is stronger 
with increasing powder purity. The values of the grain growth 
constants for the Baikowski samples of the current work without 
any interfering porosity are listed in Table XIV. 
Some of the grain size values were seen to apparently 
decrease momentarily with time, particularly at very short times. 
Since this resulted in some of the grain size values being 
questionable at t=O, the values used for the grain size at t=O 
were determined from the intercept of the grain size axis using a 
linear least squares fitted line determined from all the data on 
a plot of the cube of the grain size versus time. The· slope of 
99 
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TABLE XIII 
Grain Growth Constant Data for Undoped and 250 ppm MgO Doped Alumina 
Environment Temperature 
(oC) 
air a 1600 
N2/graphite 
b 1630 
. C 1600 air 
aBennison and Harmer (9) 
b present work 
C Bennison and Harmer (52) 
Grain Growth Constant, K 
[Grain • range of study] size 
Undoped 250 ppm MgO Doped 
•,. 
1. 74 X 10- 19 3o90 X lo-20 
[3.5-15 ~m] [1.5-11 ~m] 
21.0 X 10- 19 7 • 7 X 10-ZQ 
[7-12 ~m] [3-7 µm] 
5" 17 x 10- 19 1.04 X 10-ZO 
[8-22 ~m] [ 2-6 ~m] 
dconsiders only cation channel analysis 
Powder 
purityd 
% Alumina 
99.98 
99.99 
99.995+ 
K 
undo~ed 
K doped 
4.5 
27 
50 
t-,-.1 
0 
t-,-.1 
TABLE XIV 
Grain Growth Constants for Baikowski Alumina at 1630°c 
in a~Nitrogen/Graphite Environment 
Grain Growth K 
Composition Constant,}.{ undoEed 
(xlo- 18 m3 s- 1) K doped 
-Undoped 2.1 
250 ppm Zr02-doped 
1.2 1.8 
250 ppm MgOf-250 ppm Zro2-doped 
1.0 ·2 .1 
250 ppm MgO-doped .077 
27 
Grain Size Range 
Studied (µ.m) 
6.3 - 12.0 
3.6 - 11.4 
3.8 - 10.6 
3.0 - 6.8 
this line is also K, the grain growth constant. 
2. Evaluation of the Grain Growth Technique 
Fully dense samples for grain growth studies were 
successfully prepared by hot pressing at 1400 or 1450°C using 60 
MPa (see Table V). At these lower temperatures no evidence of 
the uneven dopant distribution, blue ring, effect was found. The 
goal was to produce pore-free samples for study over the grain 
size range normally encountered in sintering (2-12 µm), however, 
some of the samples showed evidence of either some residual 
porosity (undoped sample #120) or some desintering (250 ppm 
MgO-doped sample #135) upon annealing. Also, although the 
initial grain sizes were small, the grain sizes at t=O were large 
for all but the MgO-doped materiaJs. To avoid these problems in 
the future, the MgO-doped samples might best be prepared by hot 
pressing at 1400°C for 1.5 hours (or longer) both to insure 
removal of residual porosity and to give a slightly larger 
starting grain size for a more direct comparison with the other 
compositions. The other compositions should be prepared at a 
lower temperature (1350°C) for a slightly longer time which is 
long enough to compensate for the lower temperature while still 
giving smaller grain sizes (~ 1.5 hrs). 
One of the difficulties of this grain growth study was 
the necessity of using short annealing times in order to attempt 
to study a grain size range of interest to conventional sintering 
at reasonable temperatures. The grain growth rate of the 
non-MgO-doped samples was so rapid that the grain.growth during 
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the time it took to heat up the furnace caused the data at the 
smaller grain sizes to be lost. The average grain size in the 
undoped sample (#131), for example, grew from 2.7 µm to 7.3 µm 
during the heat-up time. In order to study the smaller grain 
size range, a faster heat-up time would be required. 
The use of the calibration spheres to determine grain 
size was found to be absolutely necessary for meaningful work. 
The SEM gave inaccurate values of the magnification particularly 
at lower magnifications. The magnification as indicated by the 
instrument was also not reproducible even when examining 
different areas of the same sample in one sitting. The majority 
of grain sizes were measured using 2.52 µm spheres, although some 
of the larger grain si~es were measured using 10.3 µm spheres. 
When both spheres were viewed together on many samples, it was 
found that the ratio of the average diameters of these spheres 
did not exactly agree with the expected values. Addition of yet 
another size of calibration sphere of 5.63 µm on the surfaces 
gave an average value whose ratio did not agree with either of 
the first two. For all work, only spheres in the central portion 
of the viewing area were measured to avoid instrument distortion 
effects. (65 ) The expected ratio for the 2.52 µm, 5.63 µm and 
10.3 µm spheres is 1 : 2.234 : 4.087; while the experimentally 
determined ratio was 1 : 2.206: 3.984. Each calibration sphere 
* Some grain growth must have also occurred during the cooling of 
the furnace. 
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size has a size distribution and these ratios fall within one 
standard deviation (1.3%) of the mean values of each size. For 
this work the 2.52 µm sphere was assumed to be accurate and the 10.3 
llm sphere data was scaled a~cording to the measured ratio giving 
10.04 llm. 
C. Hot Pressing Kinetic Study 
1. Relationship of Deformation Rate to Sample Final Density 
All of the hot pressing kinetic data was foend to be 
best described by the effective pressure geometric factor, g, 
(37) described by Vierra and Brook. Equation 18 may be written as: 
or 
so that 
e 
a(6) - a(8)p 
na(6) - na(6)p + n in P 
a 
or at a constant applied pressure 
Constant - a(6)nP 
so for the common logarithm, 
log 1 p 
/ 
-a(6) nP 
2.303 
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(27) 
(28) 
(29) 
(30) 
(31) 
where a(8) is some positive function of the dihedral angle, and n 
is the pressure exponent whose value depends upon the densifi-
cation mechanism (see Table II). A plot of the common logarithm 
of the deformation rate (1/p)(dp/dt) against -p should give a 
. 
straight line whose slope is equal to (a(8)/2.303)n. All of the 
hot pressing kinetic data was expressed in this form. 
One useful trend found was the relationship of the log 
of the deformation rate at a given density to that of the final 
density for samples hot pressed at a given temperature for the 
same period of time. Figure 33 shows this to be a linear 
relationship for each temperature study. Some samples whose 
deformation rate was found to fall well below the general linear 
trend (Figure 33,a) were found to be very uneven in thickness. 
Reasons for this unevenness will be discussed shortly, but 
increased die friction might help explain this decrease in the 
expected rate. If this relationship holds, then the effect of 
dopant concentration on sample final density (Figure 26), would 
also be useful in determining the effect of dopants on the 
densification rate. It is believed, however, that the validity 
of data for samples that deviate drastically from this linear, 
·log deformation rate-final density, relationship, should be 
suspect. 
2. Pressure Dependence Data 
The pressure dependence data taken at 1550°C for 
undoped and 300 ppm Zro2-doped Baikowski alumina was evaluated by 
using equation 19. Inspection of Figure 19 reveals distinct 
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regimes where different mechanisms are operating. The common 
logarithm of the deformation rate plotted against the common 
logarithm of the pressure in Figure 20, shows the undoped 
material at p=85% to best obey a stress exponent of n=l in the 
lower pressure ranges and n=3 in the higher pressure ranges. 
This corresponds (see Table II) to a diffusional creep process at 
the lower pressures and plastic flow at pressures above about 40 
MPa. Data for 300 ppm Zr02-doped alumina at p=75% indicates w
hat 
could either be a +2 pressure exponent over the entire pressure 
range studied, or a switch from +lat low pressures to +2 at 
pressures above about 34 MPa. While data at 85% indicates what 
could either be a +3 pressure exponent over the entire pressure 
studied, or a switch from possibly +1 at low pressures to +3 at 
pressures above about 33 MPa. The data for the 300 ppm Zro2-
doped material at lower densities suggests possible deformation 
control by diffusional creep processes at low pressures and 
interface reactions at higher pressures or interface reactions 
over the entire pressure range studied. While the data at higher 
densities suggests possible deformation control by diffusional 
creep processes at low pressures and plastic flow at the higher 
pressures, or plastic flow over the entire pressure range 
studied. 
The final density-applied pressure data shown in Figure 
21 similarly indicates the switch in deformation mechanisms for 
the undoped material and similarly suggests the possible switch 
in mechanism or single mechanism over the pressure range studied. 
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Some Linda A data was included on Figure 21 for comparison. 
Note, however, the Zr02-doped material was at a level of 225 ppm 
and not at 300 ppm as was the Baikowski powder. The Linde A 
material is, also, of a lower purity and of a slightly different 
grain size (see Figure 11) than the Baikowski powder. Even so, 
the Linde A data shows agreement with the undoped set of data and 
suggests that a single deformation mechanism is operating over 
each of the two density ranges in the ZrO,-doped material. 
'-
The undoped data at lower pressures agrees with the 
work of Harmer and Brook(l 9) who found densification control by 
diffusional processes at pressures below 20 MPa for a 200 ppm by 
weight (83 ppm atomic) MgO-doped Linde A alumina at 1630 9 C 
(Figure 9a). One can surmise that undoped aluminas of these 
grain sizes and purity densify at 1550°C mainly by diffusional 
creep processes up to about 40 MPa and by plastic flow above 40 
Mf'a. 
The 300 ppm Zro2-doped alumina data suggests interface 
reactions may be controlling deformation at lower densities and 
plastic flow is controlling deformation at higher densities, at 
least at pressures above 25 MPa. More data would be needed, 
particularly at lower pressures to elucidate the possible control 
of deformation at the lower pressures by dif fusiona·l creep 
processes. Caution must be taken when drawing conclusions from 
the present data taken at the lower densities. Interfering 
contributions to the deformation data whose causes will be 
discussed herein later on, may make the data taken in the earlier 
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portions of the densification run--and thus the lower density 
data--invalid. The interfering contributions may also cause a 
slight shift in the pressures at which the changes in deformation 
mode occur. 
3. Single Dopant Additions to Alumina 
The general trends in this study of single doping with 
MgO or Zr02 on the rate of densification in alumina (Figures 25 
and 26) are in agreement with previous work. (l 9 , 43 ) Generally, 
additions of MgO to alumina were seen to increase the densifi-
cation rate in agreement with Harmer and Brook(l 9) (Figure 9c), 
while moderate additions of Zr0 2 to alumina decreased the 
densification rate_ in agreement with results also reported by 
Harmer and Brook( 43 ) (Figure 10). The densification rate and 
final density data for samples hot pressed at 1630°C and 20 MPa 
for 5 minutes indicates what may be a minimum in both the 
densification rate and final density at about 390 ppm Zro2 . 
Harmer and Brook also found a minimum, but it was at 400 ppm by 
weight which is 165 ppm, atomic cation ratio. 
The addition of 250 ppm Zro2 is seen to decrease the 
densification rate with respect to the undoped material by a 
factor of 3 at 1400°C, by a factor of 2.6 at 1550°C and by a 
factor of 1.3 to 1.4 at 1630°C. The previous data from Figure 10 
shows a reduction by a factor of 3 at 1630°C. The exact values 
of the densification rate in the present work at 1630°C is 
complicated by some simultaneous creep and grain growth in the 
. . 
samples as well as by inaccu~acy in locating the intermediate 
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densities on the density-time curves to determine the densifica-
tion rate. This will be discussed shortly. 
The Baikowski alumina data at 1400°C and 60 MPa indicates 
what could be interpreted as a solubility limit of MgO of between 
50-80 ppm using arguments similar to Harmer and Brook(l 9) 
(Figure 9c) for an upper limiting value of the densification 
rate. More data points would be needed to better quantify this 
result. 
4. Codoping Additions to Alumina 
Codoping with both MgO and Zro2 gave sane results not 
consistent with the single dopant results by using the same 
simple point defect compensation arguments (equation 12). The SO 
. 
ppm MgO-excess and 50 ppm Zr02-excess materials gave results 
similar to the equivalent single doped materials. The MgO-excess 
composition densifies faster than the Zr02-excess material. 
These codoped compositions give densification rates which were 
similar to the singly doped materials within the error of the 
measurements. The final densities of these codoped samples hot 
pressed at 1630°C indicate a higher density than the equivalent 
single doped materials, however, these samples have undergone 
some grain growth at the higher densities which will complicate 
these results. The densification rate and final density of the 
equimolar codoped compositions, however, were much lower than the 
undoped materials. The densification rate for the codoped 
compositions were slower by a factor of 3 at 1400°C, 2 at 1550°C 
and 1.4 at 1630°C compared to the undoped materials. If the 
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solubility limit in the area of 50 ppm MgO at 1400°C is valid, 
then the equimolar codoped composition at this temperature might 
be behaving as a 200 ppm Zr02 excess composition and explain why 
the densification rate and final density of the equimolar 
composition is about the same as the 200 ppm Zro 2 material. How-
ever, this argument is not consistent with the expected increased 
mutual solubility when codoping with MgO and Zr02 . And if it 
were valid, the 50 ppm Zr02-excess material would be expected to 
behave as if it were a 250 ppm Zro2-doped material which it does 
not. 
The difference in the response of the codoped 
compositions can not be explained by dopant level preparation 
errors. The codoped compositions are fairly accurate as 
indicated by the chemical analysis performed on one of the 
samples. If one of the dopant levels were slightly off, then 
each codoped composition would be off similarly. This effect 
would be expected to result in a slight shift along the 
composition axis in Figures 25 and 26. 
5. Interpretation of Dopant Effects on Densification 
The inconsistency of results for the codoped 
compositions compared to the singly doped materials, can not be 
explained by errors in dopant levels. Dopant solubility limit 
effects as an explanation is not consistent with all of the 
codoped data nor should it be valid for the higher temperature 
levels. Closer examination of the codoping data reveals what 
might be also a minimum at a Zr02 excess concentration of about 
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20 ppm, assuming a symmetry about the densification minimum. 
More data would he needed to determine tl1e exact value, but there 
is obviously a minimum near the equilmolar composition. Both of 
these sets of results, then, can not be explained by the same 
simple alteration of point defect concentrations assuming either 
of the defect models shown in Figure 4 and assuming defect 
compensation arguments as indicated by equation 12. 
The single doped and codoped sets of data have minimums 
in the densification rates at different Zr02-excess concentra-
tions. This probably means a second major phenomenon is 
·~ 
occurring in at least one of these cases. The dopants might, 
for instance, change the amount or distribution of a liquid phase 
. 
or alter the diffusion pathways associated with a liquid phase in 
this impure alumina. The existence of a liquid phase has been 
inferred(SZ) in alumina of the purity level of this study; and 
Witek et al. (66 ) found, in studying talc additions to alumina, a 
minimum in the densification rate at about 0.2 weight percent 
talc (effectively, 3 Mg0·4 Si02). The pressure dependence data 
for 300 ppm Zro2-doped alumina at 1550°C indicated a possible 
control of densification by interface reactions as might be 
expected for a liquid phase. Densification data for single 
doping with Zro2 might be explained by liquid phase conside
rations 
while those for the codoped samples might be explained by the 
point defect concentration effects of the type described in 
Figure 4. The minimum of the codoped samples at a low Zro2-
excess concentration (<SQ ppm) would also be more in line with 
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the known impurity level of these powders (<100 ppm). Since 
there is a minima, associated with excess Zro2 , it appears the 
major ionic disorder in alumina is more likely to be cation 
Frankel rather than Schottky (Figure 4). Other major types of 
disorder still can not be ruled out. ()l) 
6. Evaluation of the Hot Pressing Technique to Study 
Densification 
a. The current experimental system 
There are four variables being measured when using 
the hot press to study densification kinetics; they are time, 
temperature, _pressure, and ram displacement. There were many 
problems encountered in measuring some of these variables most of 
. 
which were related to the experimental design of the hot press 
used in these studies, although some of the difficulties may be 
inherent in most hot pressing systems. 
Since the data was measured using an accurate time 
base--in this case a strip chart recorder--the time over which 
the displacement was being measured can be considered very 
accurate. The temperature was measured with a boron-carbon/ 
carbon thermocouple (see Figure 12) whose calibration, as 
described in the experimental section, gave a final temperature 
in practice of ±2°C. The temperature profile (see Appendix II) 
was also consistent for all hot pressings. Therefore, the 
temperature variable was also measured accurately. 
The pressure sensor was located as shown in Figure 
12 above the hydraulic jack and was accurate to within ±.05%. The 
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ability to measure pressure was quite accurate, but the consistent 
control of the pressure was difficult. The higher pressures were 
more difficult to obtain consistently due to the sensitivity of 
the pressure value (see Appendix II for details). The f it1ul 
pressure of the densification runs fell within a 2 MPa range at 
60 MPa and within a 0.5 ?-1Pa range at 20 MPa. 
The timing of the densification runs for this work 
was started when the pressure first began to raise. It took 
several seconds for the pressure to co~pletely stabilize at its 
<. 
final value. At a pressure of 60 MPa which was used for work at 
1400°C, the pressure reached 80% of its value within 1 second, 
and was completely stabilized in about 5 to 6 seconds. At 1400°C 
. 
densities of the samples when the pressure stabilized ranged from 
65% to 75%, so the pressure had stabilized before the density 
range of interest (75-85%) was reached. At the applied pressures 
of 20 and 25 MPa which was used for work at 1630°C and 1550°C, 
respectively, the pressure reached 80% of its value in about 2 
seconds and was essentially stabilized in about 9 seconds. At 
1550°C and 25 MPa densities of the samples at this time, ranged 
from 72.5% to 77.5%, while the density at this time at 1630°C, 
and 20 MPa was about 70%. Although the pressure had stabilized, 
apparently, before the density range of interest was over, other 
difficulties make both the sample densities and the applied 
pressure at 1630°C and to some extent at 1550°C questionable. 
These difficulties are discussed below. 
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In theory, the ram displacement is a simple direct 
measurement of the change in sample thickness and is related 
directly to a corresponding change in density. A change in 
thickness with time can be directly related to the densification 
rate (see Appendix I). With this hot pressing system, however, 
relating the ram displacement to the densification rate requires 
several considerations and corrections. The schematic of the hot 
pnessing system shown in Figure 12 indicates where the 
displacement transducer is situated. When the pressure is 
applied to the sample the ram moves up and the displacement 
transducer records the ram movement. In the design of this 
system the upper ram is about 4 feet in length to allow the 
< 
furnace to be lifted up to allow accessibility to die assembly. 
The total ram system is so long (~7 ft) that it is measurably, 
quite compressible. During the first few seconds when the 
pressure is still stabilizing the displacement measured reflects 
an additional positive contribution to the displacement due to 
this ram flexibility. This contribution would be reflected as an 
increase in the densification rate until the pressure stabilized. 
During the entire densification run the graphite 
ram system in the hot zone is not at thermal equilibrium. The 
ram is expanding during the densification run, and results in a 
negative contribution to the displacement. The expansion 
.. 
contribution was measured separately by going through a 
densification run without any powder in the die and recording the 
' 
thermal expansion on the strip chart recorder. After having 
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recorded the thermal expansion at a given temperature, each 
displacement curve was then corrected for thermal expansion at 
that temperature. This is illustrated in Figure 34. The 
separate thermal expansion displacement curve must be added to 
the measured displacement curve of the densification run to give 
the real or true displacement curve of the densifying sample. 
Since the density of the sample at any intermediate time along 
the displacement curve is referenced to the final density at the 
final ram displacement (Appendix I), it is important to correct 
for the thermal expansion of the system, in order to locate the 
correct position of desired density on the densification curve. 
Without correcting for thermal expansion, one can see from Figure 
34 that the measured slopes.of the displacement curves would be 
less, so the densification rates would be underestimated. 
Thermal expansion corrections are recommended for all hot 
pressing work particularly when using a closed hot pressing 
system with a large hot zone. 
The major problem in this hot pressing kinetic 
work was that the assumption of a constant sample diameter over 
the entire densification run (Appendix I), was not valid 
particularly at the higher temperatures. Without a constant 
sample diameter, the density is not consistently inversely 
proportional to the sample thickness. Figure 35 illustrates the 
problem. The powder is cold pressed and fills the die cavity to 
the full diameter (Figure 35,a). Upon heating to the desired hot 
pressing temperature, 
-· ~,,.,.--. 
howeve(-- the sample dens if ies and shrinks 
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Figure 34. The effect of thermal expansion of the ~am system on 
the ram displacement measurements during hot pressing. 
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Figure 35. Powder compact shrinkage and subsequent hot pressing in a die cavity. A. Cold 
pressed powder compact; B. Compact shrinks during sintering while heating to hot pressing 
temperature; C. Pressure is first applied when desired temperature is reached, compact begins 
to rapidly densify and to creep; D. Compact creeps and touches the die walls; E. Material 
continues to creep to fill the die cavity cornersl; F. Uneven sample after hot pressing due to 
powder compact having been pulled to one side of ~he die cavity during the initial sintering 
while heating to the hot pressing temperature. 
to a smaller diameter (Figure 35,b). When the load is first 
applied (Figure 35,c) it is distributed over a smaller diameter 
so the pressure is higher than expected. The disc deforms under 
the load and flows towards the unrestrained edges until, at 
Figure 35,d, it strikes the die walls. It continues to flow to 
fill the die cavity corners until the die cavity is filled or the 
densification run is termination (Figure 35,e). In some cases 
very uneven samples were produced and looked as if the original 
disc had been pulled to one side in the die when it sintered 
during the heating up part of the cycle; and when not pressed, 
shifted the ram system out to one side to produce a disc of 
uneven thickness. These hot pressed discs filled the corners on 
' 
one side of the die cavity and did not even touch the other side 
of the die cavity (Figure 35,f). These samples had lower final 
average densities and slower calculated densification rates than 
evenly pressed samples of the same composition. All of the 250 
ppm MgO-doped samples, for example, which were hot pressed at 
1630°C for 10 minutes and at 1550°C for 90 seconds were extremely 
uneven. For these samples the densification rates and final 
densities are, thus, believed to be, relatively, too low. 
Shrinkage of the powder compact before the hot 
pressing pressure is applied causes many problems. First~ the 
applied pressure is initially higher than expected and decreases 
toward the expected value as the densifying compact fills the die 
cavity. Second, the sample density is initially higher than 
would be calculated due to the smaller sample diameter, and it 
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approaches the expected calculated density as the diameter of the 
sample approaches the final diameter of the sample. Thirdly, the 
rate of ram displacement reflects a contribution of simple creep 
in addition to the expected pressure accelerated sample 
densification. The creep contribution would be expected to 
become less important as the sample fills the die cavity. This 
means many factors contribute to the rate of ram displacement. 
These factors are also varying as the sample geometry changes 
while the sample fills the die cavity. Until such time as the 
material fills the die cavity, true densification rate is 
obscured by these factors, and caution must be taken when 
interpreting the apparent densification rate which is measured • 
. 
b. System effects on the hot pressing densification 
data 
Most of the samples hot pressed at 1630°C and 20 
MPa for 5 or 10 minutes had a final shape indicating the material 
almost filled the die corners; however, a few samples which were 
hot pressed for one minute at 1630°C and 20 MPa had barely begun 
to touch the die walls. The deformation rate for this set of 
data,thus, reflects a mixture of pressure accelerated densifica-
tion and simple creep, with all of its varying complications. In 
addition these samples had a translucent core (usually an 
indication of >99% density) even though the average relative 
density was as low as 93%. Since all the intermediate densities 
are located at the appropriate points on the ram displacement 
' 
curve based on the final average density of the entire .sample 
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(see Appendix I), the actual densities at these points are 
presumably higher. In addition, some grain growth was seen in 
the central region in the samples whose final density was very 
high. Presumably this occurred in the latter portion of the 
deformation run due to the long (5 or 10 minutes) hot pressing 
times at the higher densities, where the grain growth is, herein, 
shown to be rapid. 
Due to all of the above reasons, the deformation 
rate data at 1630°C is undoubtedly inaccurate. However, both 
pressure enhanced sintering and creep in alumina involve the 
movement of matter by the same atomic mechanisms whose rates are 
a function of additive type and content. To a first approxima-
tion, the trends seen in the apparent deformation rate as a 
function of composition are probably correct even though the 
absolute deformation rate values are not. This would be 
especially true for the intermediate densities of interest where 
the additional problems of more widely varying pressures at lower 
densities and grain growth at higher densities would be avoided. 
All of the samples hot pressed at 1550°C and 25 
MPa for 90 seconds had rounded edges, and the central portion of 
every disc was again denser than the average sample density would 
indicate. This data must again be evaluated in terms of overall 
compositional trends and not in terms of the individual sample 
deformation rate values. 
Some of the samples in the pressure dependence 
study where hot pressing was done at 1550°C for 90 seconds had 
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some geometric signs of this behavior, but since less powder was 
used in the die, a more even density was obtained, and the die 
was nearly filled by the end of the densification run. Some 
additional contribution to the deformation rate of what was 
termed simple creep is expected for the lower densities. 
The samples hot pressed at 1400°C and 60 MPa for 
90 seconds showed no signs of the shrinkage related problems from 
the final sample geometries. Figure 24 shows a near constant 
slope for all of the compositions over a range o~ densities. 
Comparisons between compositions over this range of densities at 
this temperature can readily be made. Most of the work at other 
temperatures, however, required careful selection of a density 
for determining compositional effects. In one or more of the 
compositions a change in slope may have occurred at a given 
density indicating some change in deformation conditions which 
might have resulted from either a change in the densification, 
rate-controlling mechanism; a change related to the change in 
sample geometry at low densities; or a change related to the 
onset of grain growth or the effects of very small radii of the 
pores at higher densities. Figure 32, for example, shows data 
comparison at P=80% is required, for a change in slope in the 
MgO-doped sample occur at any lower density, while a change in 
slope in the 360 ppm ZrOA-doped S'ample occurs at any higher L. 
density. Only at P=80% does the entire set of compositional data 
have a similar slope indicating constant deformation conditions. 
It is only under these conditions that a meaningful comparison 
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can be made to determine the effect of additives on the 
deformation rate. It is for this reason that a particular 
density was selected to make a comparison for each of the various 
sets of hot pressing data in Table X. 
c. Recommended changes to the current experimental 
system 
The major cause of the difficulties in the hot 
pressing kinetic work was related to the shrinkage of the powder 
compact away from the die walls upon heating to the desired hot 
pressing temperature. To eliminate this problem would most 
probably eliminate the subsequent problems of the density 
variations in each sample, th~ additional simultaneous simple 
t 
creep effect on the displacement measurement, the constantly 
varying pressure due to the changing sample diameter, and the 
periodic production of samples of uneven thickness. The 
application of a pressure high enough to keep the sintering 
powder compact from pulling away from the die walls during the 
heat up of the furnace would overcome the shrinkage problem. 
Unfortunately, as stated previously, with the current system the 
application of the full desired pressure caused the sample to 
reach near full density before the desired hot pressing temper-
•• 
ature is reached. Also, although a lower pressure could be 
applied during heat up, the ability to incre~se the pressure 
quickly and accurately up to the desired final pressure upon 
reaching the final temperature, was not possible due to the 
pressure valving problems. The best way to eliminate these 
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problems with this system ls to modify the hot press to have a 
two valve system. One valve would be for a low pressure during 
heat up, and a second would be for the high pressures during the 
densification run. Also the addition of a large reservoir tank 
to the pressure hydraulic system would be desirable. This would 
act as a ballast to allow the higher pressures to be more stable, 
to be consistently accurate and to be obtained more rapidly. 
d. Hot pressing as a general technique to study 
densification kinetics 
In general, hot pressing was found to be a good 
technique to study the general trends of the effects of dopant 
additions on the densification rate of alumina. The technique as 
applied here was able to give qu~Jitative results on the 
densification rate changes, being sensitive to both dopant type 
and concentration. Presumably if the current experimental 
' 
difficulties were overcome, more quantitative results could be 
obtained. 
Special care must be taken to insure accurate 
results including: (1) a precise knowledge of the starting 
powder purity, a consistent, accurate doping technique, and non-
contaminating powder handling techniques; (2) consistency in die 
powder packing and operation of the hot pressing cycle; (3) 
having a hot pressing system which can be heated up rapidly, 
apply a low pressure consistently, once the hot pressing 
can 
temperature is reached; (4) making short densification runs to 
help avoid grain growth; (5) making sure corrections for thermal 
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expansion are made; (6) observing carefully to see if compact 
shrinkage upon heat-up, or grain growth has occurred; and (7) 
making sure one is aware of the boundaries of the deformation 
regimes when evaluating data. If all denJification runs are 
performed for the same length of time--~s well as temperature--
construction of a log deformation rate-final density plot is 
valuable in evaluating the validity of individual data points and 
in estimating the deformation rate of subsequent hot pressed 
samples based upon the final density measurement alone. 
D. Sintering Study 
1. At 1600°C for 20 hours 
The final density of the Baikowski samples sintered at 
1600°C for 20 hours (Table VI) agree with the hot pressing 
compositional trend (Figures 25 and 26). The 250 ppm MgO-doped 
sample sintered to the highest density ~100% followed by the 
undoped, 98.0%; 250 ppm Mg0+250 ppm Zr02-codoped,. 97.7%; 200 ppm 
Zro2-doped, 99.5%; and 250 ppm Zro2-doped, 96.8%. The results are 
consistent with those of Berry(]) who found a similar trend for 
Linde A alumina in reducing atmospheres. The trend is not 
consistent with the data for air fired samples, which she 
indicated was due to an atmospheric effect on Zr02-doped samples. 
The value of the final density is a reflection of the dopant 
effects on the ~atio of the rate of densification divided by the 
rate of coarsening, such as D1 /n8 , expressed in terms of the 
diffusion coefficients. 
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The final microstructures for the 1600°C sintered 
materials (Figure 14) show a similar grain size within the error 
of measurement (Table VI). One could, however, imagine that the 
grain size of the MgO-doped material would be slightly smaller, 
and that of the Zro2-dopcd·material would be slightly larger if 
one were able to compare these compositions at the same density, 
such as 97.5%. All of the pores are attached to grain boundaries 
indicating the pores are controlling the boundary motion. 
(7) Berry found pore breakaway had begun to occur in a less pure 
undoped Linde A material after 14 hours at 1600°C in a reducing 
atmosphere. 
2. At 1800°C for 1.5 hours 
MgO can be seen to act as a good sintering aid since 
the 250 ppm MgO-doped samples have the smallest grain size and 
the highest density (Table VI). SEM observation of the micro-
structure reveals the MgO doped materials to be nearly pore free. 
Pore breakaway was observed in all of the other compositions. 
The 250 ppm Zro2 sample (Figure 15c) had very large grains which 
were similar in size throughout the sample. The grains all 
contained a fairly even distribution of pores, probably 
indicating the pores were relatively unaffected by the moving 
boundary over a large range of grain sizes. The undoped and 
equimolar codoped materials had a central core which was visibly 
different from the outer edges. This was probably due to an 
atmospheric effect, even though an attempt to avoid such prdblems 
was made by surrounding each sample with a powder of the same 
composition. 125 
In the undoped material, the inner region consisted of 
large grains containing many pores most of which were located in 
pore clusters in the center of the grains. The outer grains were 
slightly larger with fewer central pores. An example of a pore 
cluster is seen in Figure 15,a in the lower right corner. It 
would appear in this case that above a certain grain size (~10 
~m) the pores were swept up by the moving boundary leaving an 
outer pore-free region in many of the grains. These types of 
central pore clusters were also seen in some of the grains in the 
outer regions of the codoped samples (see Figure 36). This type 
(53) 
of pore-cluster behavior was reported by Rossi and Burke' in 
alumina samples containing Zro2 in amounts large enough to form a 
second phase. The central region of the. equimolar codoped 
material contained larger grains which, for the most part, Yere 
pore free. 
In the case of the codoped material, if an uneven Zro2 
dopant distribution had occurred, of the type that was observed 
to occur in both codoped and Zr02-doped samples hot pressed at 
1700°C and 25 MPa for 30 minutes--the so-called blue ring effect--
then the uneven microstructure might readily be explained. An 
increased concentration of Zro2 in the outer blue ring region had 
occurred compared to the central region. If the MgO content were 
the same throughout the sample, then the result would be a MgO 
rich central region and a Zr02 rich outer region, since Zr02 had 
moved from the center towards the outer edge of the sample. The 
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Figure 36. Photomicrograph of a 250 ppm MgO + 250 ppm Zr02-doped 
Baikowski alumina sintered for 1.5 hours at 1800°C in a graphite/ 
nitrogen atmosphere. Lower portion shows the more porous, smaller 
grained outer regions of the sample and the upper right region shows 
the larger grained nearly fully dense core region of the sample. 
12.7 
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In the undoped material, the inner region consisted of 
large grains containing many pores most of which were located in 
pore clusters in the center of the grains. The outer grains were 
slightly larger with fewer central pores. An example of a pore 
cluster is seen in Figure 15,a in the lower right corner. It 
would appear in this case that above a certain grain size (~10 
µm) the pores were swept up by the moving boundary leaving an 
outer pore-free region in many of the grains. These types of 
central pore clusters were also seen in some of the grains in the 
outer regions of the codoped samples (see Figure 36). This type 
of pore-cluster behavior was reported by Rossi and Burke(S 3) in 
. 
alumina samples containing Zr02 in amounts large enough to form a 
second phase. The central region of the equimolar codoped 
material contained larger grains which, for the most part, were 
pore free. 
In the case of the codoped material, if an uneven Zro2 
dopant distribution had occurred, of the type that was observed 
to occur in both codoped and Zr02-doped samples hot pressed at 
1700°C and 25 MPa for 30 minutes--the so-called blue ring effect--
then the uneven microstructure might readily be explained. An 
increased concentration of Zr02 in the outer blue ring region had 
occurred compared to the central region. If the MgO content were 
the same throughout the sample, then the result would be a MgO 
rich central region and a Zro2 rich outer region, since zro2 had 
moved from the center towards the out-er edge of the sample. The 
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MgO excess central region might behave as somewhat similar to the 
MgO single doped material and thus sinter to near full density. 
This might be expected since a 50 ppm MgO-excess codoped Linde A 
alumina (Figure 25) had an increased densification rate compared 
to the undoped material and a greatly increased densification 
rate compared to the equimolar codoped material. The Zr02-excess 
outer region of the 1800°C sintered sample would not be expected 
to behave like a Zr02 single-doped material, since the 50 ppm 
excess zro2-codoped Linde A composition (Figure 25) had a greatly 
increased densification rate compared to either the 200 ppm Zr02 
single-doped material or the equimolar codoped material. The 
average density of the codoped material sintered at 1800°C was 
the lowest of all the compositions studied, and since the central 
region is near full density, then the Zro2-excess outer regions 
are still lower in density. 
The uneven Zr02 distribution model fits the micro-
structures and known densification data quite well. The reason 
for the uneven distribution is not clear. The driving force for 
3+ 
the Zr02 migrati?n was at first thought to be a formation of Zr 
in the extremely reducing atmosphere (Ti3+ which is in the same 
chemical family as blue in an oxide matrix) with the elimination 
' ' ' 
of the point defects, ZrAl and VAl, being the driving force. 
Hot pressing with an alumina spacer, however, gave an uneven Zro2 
·distribution, but without the blue ring. Uneven pressure was 
thought to be a driving force, but it appears the uneven 
distribution occurs in pressureless sintered samples. Since 
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there was also an uneven microstructure in the undoped material, 
the ZL02 migration might be related to something going on 
irrespective of whether Zr02 is present or not. Perhaps there is 
some atmospheric effect on the distribution of the glass phase 
believed to be present in alumina of this purity. More work is 
needed to answer these questions. This uneven Zr02 distribution, 
however, may explain some of the atmospheric effects noted by 
Berry,(?) in samples containing Zro2. 
Alumina doped with MgO sintered very well as expected, 
but MgO in the presence of what is believed to be an excess of 
Zr02 does not sinter as well as the single MgO-doped material. 
What is believed to be a Zro2-excess codoped alumina does not . 
appear to sinter as well as ·an undoped material, but does sinter 
better than a Zro2 single-doped composition. Excess Zro2, then, 
appears to have a negating effect on MgO as a sintering aid in 
alumina, both with respect to final grain size and density. Zro2 
not in excess of MgO has somewhat of a negating effect on MgO as 
a sintering aid, for although full density is reached, the grain 
size is much larger than the MgO single-doped material. 
t 
a sintering inhibitor in alumina. 
E. The Role of MgO in the Sintering of Alumina 
Table XV contains values indicating the effect of 250 ppm 
Zro2, 250 ppm Mg0+250 ppm Zr0 2, and 250 ppm MgO additions on D1 
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TABLE XV 
The Effect of Various Dopants on D1 (or Db), DS, ~ 
and Gas Compared to Undoped Alumina 
Dopant 
250 ppm Zr02 
2 50 ppm ~1g0 + 
250 ppm Zr02 
250 ppm 1'1g0 
Dl 
Lor b 
4 
1 3. Ox 
1 3. Ox 
T 3. Ox 
D 2 
s 
4 
y 2.Sx 
1 2.Sx 
t 2.Sx 
~l 
ll.8x 
12. lx 
!2 7x 
G2,3 
!. 94x 
l. 80x 
1. 7 Sx 
1 0 Factors are from the current work at 1630 C in graphite atmosphere 
N2 
2Factors are from work by Berry(?) at 1630°c . . in air 
3c . . d . rain size at constant ensity 
4 1= decreased; t= increased 
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(or Db), n8 , ~, and the grain size, G, at a given density. 
+ 
Consider the effect of these factors on the Harmer microstructural 
development map (Figure 7). The grain size-density trajectory is 
such that a raising of the densification rate/coarsening rate 
ratio, D1 /n5 will lower the trajectory, while a lowering of the 
ratio will correspondingly raise the trajectory. The effect of 
the additives on the pore-grain boundary separation region can be 
estimated. From equation 15 we see that the lower boundary of 
* 1 
the separation region, G, is proportional to (D5/~)~. Again 
the idea is to get the grain size-density trajectory under the 
separation region in order to reach full density and thereby 
avoiding pores trapped in grain interiors due to pore-grain 
boundary separation. 
By using the factors in Table XV, one can see a 250 ppm MgO 
addition will both raise the DL/D8 ratio by a small factor of 
* l.2x, so the trajectory will be lowered slightly and raise G 
significantly by a factor of 8.2x. A Harmer microstructural 
development map for this situation is shown in Figure 3~ (]) 
A 250 ppm Mg0+250 ppm Zr02 addition will lower the D1 /n8 ratio by 
a factor of l.2x, so the trajectory will be slightly raised, and 
* will raise G by a very small factor of l.lx. The addition of an 
+It must be noted here, that these values come from work done(~j 
two different atmospheres--air and graphite/nitrogen. Berry 
has noted an environmental effect in working with these 
atmospheres in samples containing zro2. The numerical values of 
the results from subsequent computations using these values 
might, thus, be expected to vary some from the true values. 
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Figure 37. Harmer Microstructural Development Map for alumina 
showing the combined effects of raising~ (3x) raising 
D8 (2.SX), and lowering Mb (27x). (After Berry(7).) 
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eqt1imolar amount of Zr02 to alumina containing MgO can be see
n to 
be deleterious to the effectivensss of MgO as a sintering aid. 
Finally an addition of 250 ppm Zro 2 alone will lower the D1 /n5 
ratio by a large factor of 7x, so the trajectory will be 
* 
dramatically raised, and it will also lower G by a factor of 
2.lx. Zr02 additions alone act as a sintering
 inhibitor in 
alumina. The major role of MgO in alumina (see Figure 37) does 
not appear to lower the grain size-density trajectory, that is to 
increase the D1 /D5 ratio; but rather to raise the separ
ation 
region. 
Another way of viewing the role of MgO in alumina is to look 
-
again at when pore-grain boundary separation occurs. By following 
(7) . -
the approach of Berry, from equation 6, pore attachment occurs 
when: 
(32) 
The force acting on a pore of radius r, Fp=nrys where y 8 is the 
surface energy. The force acting on a boundary of curvature R, 
Fb=2yba2 /R, where yb is the boundary energy and a is the atomic 
unit length. The number density, N=a 2 /f 2 , where f is the inter 
pore spacing. If one assumes at constant density that r, R, and 
fare proportional to the grain size, such that, r=KrG, R=~G and 
f=KfG; there substitution into equation 32 gives: 
2y a 2 b 
~G 
(33) 
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For the case where pores move by surface diffusion, 
o a 3 
s 
----
(34) 
Substituting, rearranging and combining constants, thus, gives: 
D 1 
s 
~ ~ (35) 
where C and C' are constants at a given density. For the later 
stages of sintering, an effective additive is one that acts 
thermodynamically to alter the driving force for sintering and 
effects pore morphologies, that is, increases (y5/yb); and/or 
increases n8 , lowers~, or--for a given density--lowers G. 
Estimates of the values of y8 and Yb in alumina are 0.9 Jm-
2 
-2 
and 0.45 Jm , respectively; and these values are not expected to 
vary drastically--as by an order of magnitude--with small amounts 
of additives. (5) By using the factors shown in Table XV, one can 
see an addition of 250 ppm MgO will act favorably on all of the 
remaining terms in equation 35. The result is an increase in 
pore attachment roughly by a factor of 122x. Codoping of alumina 
with a further addition of an equimolar amount of Zro2 will only 
increase the pore attachment factor by a factor of 8.2x and 
thereby reduce the effectiveness of doping with MgO alone. 
Doping with 250 ppm Zro2 alone will result in a decrease in pore 
attachment by a factor of 1.2. 
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The major benefit of single doping with MgO in alumina is 
its ability to prevent pores from separating from the grain 
boundaries. This benefit can be understood, by reviewing 
equation 35 where the effect of MgO was seen to increase the pore 
attachment factor by 122 times compared to the undoped material. 
The greatest contribution to this effect was due to the lower 
grain boundary mobility (27x decrease) which, in conjunction with 
faster moving pores (D 5 increase by 2.Sx) and smaller grains at a 
given density (G decrease by 0.75x), allows full density to be 
reached before the grains have grown large enough for the pores 
to become detached from the grain boundaries. 
The evaluation of the grain growth work revealed the grain 
growth kinetics obeyed a cubic relationship indicating a possible 
control of the boundary by solute drag; or if liquid phases were 
present, other possibilities were control of the boundary by 
coalescence of a second phase by n1 or by diffusion througc1 a 
continuous second phase. Bennison and Harmer(Sl) reported MgO 
lowered~ in alumina by a factor of 50x in the absence of a 
liquid phase with the results again following a cubic grain 
growth relationship. The mode of action of MgO on~ in alumina 
can not be justified solely on its ability to affect any liquid 
phase that may be present. Grain boundary control by solute drag 
in the case of MgO, then, appears to be the most likely mode of 
action. 
The addition of an equal molar amount of Zro2 along with MgO 
drastically reduced the ability of MgO to impede grain ~oundary 
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mobility (decreased\ by 2.lx). Different chemical defects 
would be involved with these two cases. Codoping, by equation 
' 12, produces only MgAl and Zr~1 in equal molar amounts. Single 
' doping with MgO as seen in Figure 4a orb produced MgAl but with 
* A1··· and v·· as 
i 0 
compensating defects. The ability of MgO to 
cause a solute drag effect may in fact be related to the 
' 
compensating defect involved with MgA1 . Perhaps it is the role 
' 
of A11·· and/or v~· in conjunction with MgAl that is important 
' here since existence of MgAl defects alone is not sufficient to 
cause a significant solute drag effect. This model does not 
require magnesium segregation to specific boundaries as has been 
(9 33 48) (52) 
proposed in other models ' ' and so can explain the 
findings of the absence of magnesium segregation at grain 
b d . (50,51,60) oun ar1es. 
* Since we know the densification rate increases with increasing 
MgO content, if the Schottky ~94el were correct (Figure 4,a) we 
are beyond the region where VAl are important, so A1:·· as well 
as the v·· are the compensating defects. Again, othef defect 
models s~ill cannot be ruled out so other compensating defects 
are possible. 
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VI. CONCLUSIONS 
1. Alumina powders singly doped with MgO in solid solution 
produce denser ceramic bodies with a small grained, uniform 
microstructure and with virtually no pore-grain boundary 
separation when sintered in a graphite/nitrogen, reducing 
environment both at 1600°C and at 1800°C, which is consistent 
with previous studies. 
2. Hot pressing kinetic studies indicate densification 
increases with MgO additions at 1400°C, 1550°C and 1630°C, 
consistent with previous work. A solubility limit of between 40 
and 80 atomic ppm MgO was found at 1400°C. 
3. Grain growth in fully dense, 250 ppm MgO-doped alumina 
at 1630°C was found to obey a cubic grain growth law, with a 
-2 3 -1 grain growth constant of 6.3 x 10 m s . The grain boundary 
mobility was dramatically reduced by a factor of 27x compared to 
the undoped material. These results are similar to previously 
reported values, and supports a trend of an increase in the 
effectiveness of MgO with increasing powder purity. 
4. Alumina powders singly doped with Zr02 in solid solution 
produce less dense ceramic bodies when sintered in a 
graphite/nitrogen environment. At 1600°C after 20 hours the 
microstructure is virtually the same as the undoped material. At 
1800°C after 1.5 hours the microstructure consists of extremely 
large grains with most of the pores trapped within the grains. 
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5. Hot pressing kinetics indicate densification decreases 
with increasing Zro 2 additions. At 1400°C this continues until 
what appears to be a solubility limit of about 150 to 200 ppm is 
reached. At 1550°C this occurred over the entire range of ZrO~ 
~ 
additions studied (up to 225 ppm). At 1630°C this continues 
until a minimum in the densification rate is reached at about 390 
ppm Zr02 ; after which, the densification rate begins to raise. A 
minimum in the densification rate has been observed previously at 
1630°C in air at about 133 ppm Zro 2 • 
6. Grain growth in fully dense, 250 ppm Zr02-doped alumina 
at 1630°C was found to obey a cubic grain growth law with a grain 
-18 3 -1 growth constant of 1.2 x 10 m s . The grain boundary 
mobility was reduced by a factor of 1.8 compared to the undoped 
material. 
7. Undoped alumina (99.99% Al 2o3) conventionally sintered 
at 1600°C for 20 hours showed no signs of pore-grain boundary 
separation or abnormal grain growth. At 1800°C after 1.5 hours 
in the graphite/nitrogen environment, the microstructure 
consisted of an inner region of large grains containing many 
trapped pores most of which were located in central pore-clusters; 
and an outer region with slightly larger grains and fewer central 
pores. The non-uniform microstructure was attributed to an 
atmospheric effect possibly related to alteration of the 
distribution of glass phase known to be present in aluminas of 
this purity. 
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8. Grain growth in fully dense undoped alumina (99.99% 
Al 2o3) at 1630°C was found to obey a cubic grain growth law, with 
-18 3 -1 
a grain growth constant of 2.lxlO ms . This value is higher 
by a factor of 4 than that obtained for n 99.99+% A1 2o3 measured 
at 1600°C in air. A slightly porous undoped material gave a 
grain growth constant which was a factor of 3.6x lower than the 
fully dense material. 
9. Grain growth in fully dense 250 ppm Mg0+250 ppm 
Zr02-codoped alumina at 1630°C was found to obey a cubic grain 
-18 3 -1 growth law, with a grain growth constant of l.OxlO ms . The 
grain boundary mobility was reduced by a factor of 2.1 compared 
to the undoped material. 
10. Hot pressing kinetic studies for MgO+Zr02 codoped 
alumina compositions of a total solute concentration of 500 ppm 
do not follow the same trends as single doping with MgO or Zr02 
as was expected based on simple point defect compensation 
arguments. A minimum in the densification rate at compositions 
on the order of 20 ppm excess Zr02 was found at both 1550°C, 25 
MPa and 1630°C, 20 MPa for Linde A alumina. An equimolar codoped 
composition was found to lower the densification rate by a factor 
of 1.5 to 3.0 while 50 ppm MgO excess and 50 ppm Zr02 excess 
compositions gave rates similar to the equivalent single doped 
materials. 
11. A second model was proposed to explain a minimum in the 
densification rate--as was found with Zr02 additions in 
' 
alumina--which is based on altering the amount of liquid phase in 
139 
the alumina. A minimum in the densification rate with increasing 
amounts of glass forming talc additions to Al 2o3 has been 
reported elsewhere. 
12. Equimolar MgO+Zr02 codoped alumina conventionally 
~ 
sintered at 1600°C for 20 hours gave a grain size, density and 
microstructure similar to that of the undoped material. At 
1800°C after 1.5 hours in the graphite/nitrogen environment, the 
microstructure consisted of an inner nearly fully dense large 
grain (64 µm) region and an outer region consisting of smaller 
grains (47 µm) containing central pore clusters. A model based 
on increased concentration of Zr02 in the outer region due to the 
extremely reducing atmosphere is proposed to explain these 
regions. The model is supported by the codoping minimum in the 
hot pressing densification data and by Zr02 dopant distribution 
phenomena reported herein for codoped and Zro2-doped alumina 
powders hot pressed at 1700°C. 
13. The method of evaluating grain growth data in fully 
dense systems was found to be an excellent technique to determine 
the direct effects of dopants on the grain boundary mobility. 
14. The method of hot pressing was found to be a good 
technique to study trends in the effects of dopant additions on 
the densification mechanisms in alumina. The difficulties 
encountered with the present system can be avoided if the proper 
equipment is used and the proper precautions are taken. 
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15. The hot pressing densification datn was found to agree 
. a(0)(1-p) 
best with the effective pressure geometric factor, g=e , 
proposed by Vierra and Brook. 
16. A linear ·relationship between the log of the deformation 
rate at a given density and the final sample density was found 
for samples which were hot pressed for the same length of time at 
the same temperature; provided all the samples are compared at a 
density where the same deformation mechanism (same pressure 
exponent) is occurring in each sample. 
17. Hot pressing pressure dependence data for undoped 
alumina gave a pressure exponent of +l (diffusional ·creep) at 
lower pressures and +3 (plastic flow) at pressures above about 40 
MPa. Similar data for 300 ppm Zro2-doped alumina gave mixed 
results. Data at p=85% indicated either a switch in mechanisms 
of +1 (diffusional creep) at low pressures to +3 (plastic flow) 
at pressures above about 33 MPa, or +3 (plastic flow) over the 
entire range of study, 25 to 50 MPa. While data at P=75% 
indicated either a switch in mechanisms of +l (diffusional creep) 
at low pressures to +2 (interface reactions) at pressures above 
34 MPa, or +2 (interface reactions) over the entire range of the 
study, 25 to 50 MPa. The data at lower densities, however, is 
suspect due to many interferring effects on the ram displacement 
measurements. 
18. The major role of MgO in the sintering of alumina was 
determined to be to lower the grain boundary mobility. The 
addition of 250 ppm MgO to alumina was seen to greatly increase 
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the pore attachment factor (D5/~((1/G 2 ) by 122 at 1630°C. Since 
the effect of MgO on tl1e densification rate/coarsening rate ratio 
was minimal (up by l.2x) only a slight lowering was seen in the 
grain size density trajectory on a Harmer microstructural 
development map; but with a raising of the minimum grain size of 
\ 
the separation region (D8/~) by a factor of 8.2, one can see 
that MgO doped alumina can sinter to full density before the 
grains are large enough for pore-grain boundary separation to 
occur. 
19. Since addition of an '*~qual molar amount of Zr02 along 
with MgO drastically reduced the ability of MgO alone to impede 
grain boundary mobility (decreased~ by 2.lx); the ability of 
. 
MgO to impede the grain boundary mobility is believed to bE 
related to the compensating defects (A1:·· and v··) involved with l 0 
single dopant MgO additions. 
• 
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APPENDIX I. Hot Pressing in a Cylindrical Die 
The thickness of a ceramic compact in a cylindrical die 
under an applied uniaxial pressure and at an elevated temperature 
is measured as a function of time. For a volume of material 
confined under pressure in a die--as shown in Figure 38-- the 
diameter, d, will remain constant while undergoing sintering. 
The height or thickness, X, of the cylindrical disc is related to 
the density thus: 
p 
or 
mass 1 
1T 
X -
d 2 
X -2 
constant, C 
p 
taking the derivative and dividing by the derivative of time 
• gives 
so that 
• 
p = - dX 
dt 
_e_:_ 
• 
C 
(Al) 
(A2) 
(A3) 
(A4) 
The negative sign simply denotes that a decrease in thickness 
results in an increase in density. 
An amount of powder is hot pressed at some constant __________ . 
temperature, T, a constant applied pressure, P, for a specified 
149 a 
lengtl1 of time so as to obtain a dense disc, preferably above 90% 
of theoretical. The amount of powder should be adjusted to give 
a low thickness to diameter ratio, of say less than~ 0.1 to 
avoid excessive die friction effects. The final density, pf, and 
thickness, Xf' of the disc are measured and these values used to 
calculate the constant, C, in equation (A2). The change of 
sample thickness with time is recorded and a plot of the type 
shown schematically in Figure 38 is obtained. From Equation (A2) 
the thickness, X., at any density, P., may be calculated, since 
1 1 
P., on the displacement curve of Figure 38 one needs only to come 
1 
down a distance ~Xi= Xf-Xi from the final displacement position. 
The slope at P. measured on 'the displacement curve, dx/dt, and 
1 
the values of pi and C, give the densification rate by the use of 
Equation (A4). 
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Figure 38. Schematic of the ram displacement movement measured as 
a function of time, where the ram displacement directly represents 
the change in sample thickness. Since a change in sample thickness, 
t)Ci, is related to a change in density, any intermediate density, 
Pi, can be located on the curve based.on the known final density, 
pf, and final sample thickness, Xf· 
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APPENDIX II. Experimental Details 
A. Temperature Control of the Hot Press 
The automatic control for heating up the hot press was found 
to be undesirable for attaining the most rapid heat-up time 
necessary for this study. A very rapid heat-up setting resulted 
in temperature overshoot, while the settings to avoid overshoot, 
though heating-up in a rapid manner initially, took too long to 
reach the final temperature. The water cooled hot press used in 
this study was heated up sernimanually by limiting the current 
initially--a necessity of the design of the systern--and heating 
from 1000°C to a value near the desired temperature under full 
power. Upon reaching a millivolt reading equivalent to ~10°c 
below the desired temperature the maximum current was again 
limited to a value determined by experimentation so as to allow 
the desired temperature to be reached without overshooting. The 
temperature controller took control from this point to the end of 
* 
the run. This was done quite consistently for all hot pressings 
and resulted in no detectable change from run to run on the strip 
chart recorder. The samples were consistently removed 
immediately after hot pressing to just below the hot zone. The 
hot press was rapidly water cooled in a consistent manner. The 
temperature profile was, thus, both consistent for each run and 
accurate for all work. 
* This was also done for the grain growth work where the timings 
were critical due to the short time interval of study. 
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B. Pressure Control of the Hot Press 
The hydraulic pump had to be run for a period of time for 
the pressure system to stabilize. If the desired final pressure 
was kept on while heating up the system, the sample would be 
nearly fully dense in must cases before reaching the hot pressing 
temperature. If the final pressure was preset before-the run and 
applied after reaching the desired temperature, the pressure was 
lower than desired. The pressure was preset at a higher value to 
compensate for this loss. Even so, the system was such that the 
higher pressures were diffic~lt to obtain consistently. 
The value to adjust the pressure would have to be rotated 
significantly for a 1 MPa change at lower pressures, but at 
higher pressures, the slightest movement in the value would 
result in a large pressure change. At the higher pressures the 
pressure obtained would sometimes still be off, most probably due 
to this sensitive value. If this were the case an attempt was 
made to immediately adjust the pressure, but this would often 
fail in the short time available so many of the runs were 
aborted. The final pressure of the densification runs reported 
in this work fell within a 2 MPa range at 60 MPa while those at 
20 MPa were within a 0.5 MPa range. The final pressure reported 
in this work was determined from the applied load divided by the 
area of the disc using the average diameter of each sample. 
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